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ABSTRACT

Modern large and complex industrial production systems,
for instance for steel, paper or plastics, have to be
optimized for each customer by tailor made systems. The
enormous throughput and resource consumption on the
one hand and the relatively low profit margin on the other
hand make tailor-made systems the preferred solution
over standard systems.

Such production systems have nowadays an expressed
mechatronic nature, since the performance needed today
in terms of throughput, quality, productivity, safety, to
name just a few, cannot be met without advanced control,
precise and fast response drives and actuators, up to date
human machine interfaces, sensors systems for various
states, automatic fault detection systems and powerful
communication devices.

The engineering processes for the customer specific
tailloring are a complex and challenging work. Even
worse, the available time for such projects is shrinking
and the average failure rate has to be kept low.

Obviously, methods and tools to support the engineering
work are needed to cope with these challenges. In this
paper, parametric design as one of such methods will be
discussed.
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1. INTRODUCTION

Parametric design as a term was brought up by modern
CAD systems. There, it is primarily understood as a
technique to modify a certain geometric design by
changing some of its parameter values (design
parameters). Such features are offered by most of the
powerful CAD packages today. From an engineering
point of view, modifying only the geometric properties is

insufficient but has to be guided by appropriate rules,
process and design modelling and simulation. Such rules
reflect the relations between functional requirements,
relevant physical laws, manufacturing constraints,
standardisation issues, material properties and geometry
or its design parameters, respectively.
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Figure 1: Common design methods from the perspectives
standardization, optimization and flexibility

Figure 1 shows the most common design methods under
the perspectives standardisation, optimisation potentials
and design flexibility. Following this figure, parametric
design represents a useful compromise.

2. PARAMETRIC DESIGN

At first glance, 3D parametric design is a term related to
modern CAD systems that means parametric geometry
design and seems only important for the description of the
mechanical parts or sub-systems of a mechatronic product
— which following a definition by J. Buur [1] is
characterized by the tight integration and functional
interaction of mechanical, electricdl and software



components — or for geometry definition of other
components, like electrical or micro-mechanical ones. The
origina intentions for the introduction of parametric
design have been the simple realisation of avariant design
and the fast and easy modifications of the design. From a
more abstract point of view parametric design is more
general than variant generation and easy modification. In
al mechanically dominated systemsit is closely related to
geometry design. Design parameters also can be variable
process parameters to study the behaviour and
functionality of the design within its full operating range.

Figure 2 shows the different design levels — reaching from
ordinary 2D and 3D design up to powerful 3D parametric
design models. Thre is an optimisation potential by the
integration of several design rules, as well as by the
extended use of analytic and / or numerical simulations,
parameter studies and by complexity analysis covering the
overall mechatronic product design process.

Optimization
3D Parametrics
(capacious integration of design rules,

results of analytic and / or numerical simulations,
parameter stuclies, and so on)

HIGH

YT T
—~{ 3D Parametrics ™.

p,

{
\Q (with simple relations )—)
e aid\dependenjzi)_/ D e e

S~ ot M~
(,/—-\< T ‘:,/—‘\\\ ( Z
('(: 3D Parametrics ™ >~\_
(with simple variables substitution) )
>V e

€

Figure 2: Optimization potentials of different levels of
parametric design

A nontrivial question isin which software the design rules
of a parametric design for a certain machine or machine
component should be implemented. Nowadays, this could
be done within the CAD system itself but also outside for
instance with standard spreadsheet programs — for an
example see Figure 3 — or an individual hierarchical data
structure — similar to object oriented programming in
software engineering — with an abstract CAD interface
using, e g. the so-called applications programming
interfaces of the individual CAD systems.

Depending on the geometric and functional complexity of
the considered system and the advanced physics involved,
clear arguments for choosing the appropriate method for
parameter handling. Besides this, a clear assignment of
rights for the set-up and modification of all the models to

responsible persons is important for the success of
parametric design for and for an optimal engineering.

This automatically

e assists the standardisation efforts which are
economically very important

¢ documents the design in amore universal and better
useable manner

o documents the responsibilities of persons

Figure 3: Example of a standard spreadsheet parameter file

In metallurgical machinery parametric design solutions
that automatically define 100 % of a machine are neither
economical nor practicable. Room must be left for case
specific adaptations which according to the experience
gained by the authors in several industrial projects cover
approximately 20 % of the whole design. With reduced
percentage — approx. 5 to 15% — this also applies for the
design of ailmost all modern mechatronic systems.

Experiences with this parametric design approach that
have been gathered in the last 10 years show severa
decisive economical benefits: Machine complexity, error
rates, basic and detail design costs, and the project
execution time could be reduced. The awareness of the
design team for a systematic approach, for clear
responsibilities, and for the high importance of a thorough
conceptual design increased.

3. DESIGN OPTIMIZATION BASED ON THE
DESIGN PARAMETERS

The system-relevant models of the considered systems are
the essence of a successful parametric design. These
models, preferably of mathematical behaviour such as
shown in Figure4, should represent the relationship
between the relevant physics behind the system — such as
physica balance or material laws, the given so-caled



functional requirements (FRs) and the considered design
parameters (DPs).
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Figure 4: Extract from the mathematical model of alinear
oscillatory drive [2]

Figure 5 shows such design relations by a dependency
graph (DG). As indicated in the graph, the state X
(or functionals of it) of the system and the FRs and DPs
are involved. Clearly, the state X can be a more complex
quantity than a vector, for instance an element of a
function space if field problems are involved. Following
Nam P. Suh’sfirst of his two design axioms [3, page 47],
the so-called “Independence Axiom”, claims that a good
solution concept is characterised by an uncoupled relation
between the FRs and the DPs, what also simplifies the
optimisation process. Additionally, the concept of
parametric design can be applied with and will be forced
by the functional based design methods called “Functional
Decomposition Method”, see [2], respectively “Functional
Analysis’, [3].
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Figure 5: Dependency Graph — showing the relations between
the FRs and DPs, see [4]

How can the Design Parameters be classified?
The design parameters can be of geometric nature as well

as several process or structural parameters or even
denominated toggle parameters for CAD model control.
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Figure 6: Design parameter classification, [6]
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Figure 7: Design parameter classification, [6]
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Figure 8: Design Solution Areas spanned by the design
parametersin the global space of the
functional requirements, based on [7]



Based on their determination the parameters can also be
classified into so-caled lead-parameters, dependent- or
constrained- and fixed-Parameters. A typical ratio of
dependent- to lead-parameters is 15/1 and more. The
associated dependences and relations can be of explicit or
implicit nature. Ancther distinction concerns the
parameters’ validity range, leading to the two classes
global design parameters (valid for more than one part e.
g. in an assembly) and local design parameters (only valid
for one specific part).

Which parameters are relevant for design
optimisation?

For design optimization only the leading parameters are
relevant. Each output of such an optimization process can
be seen as amember of afamily of variants spanned by all
admissible leading parameter combinations which assure
the required performance (see[6] and [7]).

4. EXAMPLES

The following examples demonstrate the power of
parametric design, both for small devices and for heavy
machinery.

Example 1 — Optimised design of a mechanical
oscillator as a sensor component

A magnetically excited mechanical oscillator, being part
of a thermal radiation scanner, has to be tuned for a
certain resonance frequency. Its geometry and dimensions
are varied. Without parametric design this needed many
iterations. With 3D parametric design the sensors’ design
could be held flexible by setting up mathematical models
and dependencies based on the required sensor
characteristics like its natural oscillation frequency.
Frequency tuning can be done in a straight-forward
manner using the derived rules for the resonance
frequency. Figure 9 shows the influence and optimisation
potential of the design-parameter “additional mass’ as one
possible tuning parameter for the final sensor frequency.
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Figure 9: Frequency influence of the design-parameter
“additional mass’

Example 2 — Optimised geometry by well defined
parametric design

The same optimisation and quality enhancement aspect
has been demonstrated for the chamfer design of a shaft of
arolling mills work roll, [8]. The main goal there was to
create a design rule for assuring a minimal stress
concentration factor for each design variant of the work
rolls. Based on analytical design studies and some
numerical Finite Element analyses of different designs
with different extensions, an analytical relationship
between the given constraints, process parameters and the
stress concentration factor has been worked out and set up
— see Figure 10. Hereby, a standard has been created with
enough flexibility to realise different work roll variants,
each of them beng optimised w.r.t the stress
concentration factor.
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Figure 10: Example of aglobal chamfer shape (stress-
concentration-factor for different parameter sets), [8]

Example 3 — Load dependent optimised design of a
crop shear

The main objective of this industria project was an
optimised design of a crop shear for cutting the front-end
and the tail of a steel band at hot rolling. This included the
simplification and the standardization of the design
concept and the operation process.

The system has been designed as a so caled “drum
shear”, see Figure 11, where two rotating drums, every
drum with one or two knifes accelerates and cuts steel
band exploiting itsrotary inertia. The cut band dimensions
vary between 20 to 60mm thickness and 1500 to 3500mm
width. The according cutting force may go up to
25000kN, which congtitutes a very high load on the
drums.



The main problem of this high load are not the resulting
stresses but the drum deflection and, according to this, the
inclination within the drum bearings. The drum deflection
has to be reduced but same time kept in an allowed design
space.
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Figure 11: Crop shear and detail of the drum, [9]

The drums are supported by multi-row cylinder roller
bearings, which are tolerating only a very low inclination
of typicaly 3-5 angular minutes. Traditionaly, the
selection of bearings and drum-diameter is an iterative
process of dimensioning and examination with complex
FEA analysis. With the developed new parametric model
the FEA is minimized to one final verification, and the
whole dimensioning work can be performed in a very
short time.
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Figure 12: Differential equation of the drum bending model

Heart of the parametric model is the drum bending
according to the differential equation shown in Figure 12.
The centre and drum-angle of the rotation where the
maximum force occurs is known by appropriate
measurements. Additionally, the ratio between horizontal
and vertical components of the cutting force was obtained
experience. With the moment of inertia and the boundary
conditions of the different drum sections the deflection
angle can be derived and the shear can be optimized,
finally as a function of the given (lead)-parameters - see
Figure 13.

The resulting comprehensive drum dimensioning
formulas have been implemented in a parameter file, see
[9] for further details.
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Figure 13: Deflection model, [9]

5. SUMMARY AND OUTLOOK

Summing up, parametric design is a method with a high
optimisation potential concerning cost saving, quality
improvement, and lead time reduction for advanced parts,
components and systems ranging from small parts to large
industrial plants.

The presented examples show the power and the
optimisation potential of parametric design best.

Because of the corresponding modelling of the considered
systems, parametric design additionally increases product
transparency and, consequently, improves the reliability
and quality of project execution. Parametric design also
can be combined with other design methods, like type
series, individual or standard design. The underlying
design concept and embodiment design must be revised
for an efficient parameterization. The optimisation
primary will be performed by the lead parameters, which
have to be suited best to adjust the concept to the given
requirements.

The results achieved so far will be extended to further
mechatronic components and large assemblies, which
promise to be parameterized in an economic way. Further
efforts will be devoted to an advanced, systematic and
transparen linking of the data flow between the different
design and development processes done at different
departments as well as between the different design
software tools.
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