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ABSTRACT

Efficiency and innovative problem solving are contradictory requirements for product
development (PD), and both requirements must be satisfied in companies that strive to remain
or to become competitive. Efficiency is strongly related to ”doing things right”, whereas
innovative problem solving and creativity is focused on ”doing the right things”.

Engineering design, which is a sub-process within PD, can be viewed as problem solving or a
decision-making process. New technologies in computer science and new software tools open
the way to new approaches for the solution of mechanical problems. Product data
management (PDM) technology and tools can enable concurrent engineering (CE) by
managing the formal product data, the relations between the individual data objects, and their
relation to the PD process. Many engineering activities deal with the relation between
behavior and shape. Modern CAD systems are highly productive tools for concept
embodiment and detailing. The finite element (FE) method is a general tool used to study the
physical behavior of objects with arbitrary shapes. Since a modern CAD technology enables
design modification and change, it can support the innovative dimension of engineering as
well as the verification of physical properties and behavior. Concepts and detailed solutions
have traditionally been evaluated and verified with physical testing. Numerical modeling and
simulation is in many cases a far more time efficient method than testing to verify the
properties of an artifact. Numerical modeling can also support the innovative dimension of
problem solving by enabling parameter studies and observations of real and synthetic
behavior. Simulation-driven design is defined as a design process where decisions related to
the behavior and performance of the artifact are significantly supported by computer-based
product modeling and simulation.

A framework for product modeling, that is based on a modern CAD system with fully
integrated FE modeling and simulation functionality provides the engineer with tools capable
of supporting a number of engineering steps in all life-cycle phases of a product. Such a
conceptual framework, that is based on a moderately coupled approach to integrate
commercial PDM, CAD, and FE software, is presented. An object model and a supporting
modular modeling methodology are also presented. Two industrial cases are used to illustrate
the possibilities and some of the opportunities given by simulation-driven design with the
presented methodology and framework.

Keywords: CAD, CAE, FE method, Metamodel, Object model, PDM, Physical behavior,
System
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1  INTRODUCTION

Product development (PD) is the set of activities beginning with the perception of a market
opportunity, followed by design and ending with manufacturing, sale, and delivery of a
product. Quick response to customer demands, i.e. customer orientation and high productivity,
and a high level of innovation are two observed features of successful engineering
organizations (Harris, 1996). Productivity and automation on one side and an innovative and
flexible environment on the other side are contradictory requirements (see figure 1A). They
are thus interrelated. Adjusting and improving existing products to a rapidly changing market
by exploiting high technology and specialized knowledge is justifiable up to a certain level.
Introducing a new inventive solution based on a new technological breakthrough has in many
cases a much higher "success potential" (Coplin, 1989), as indicated in figure 1B. Integration
of new and multiple technologies adds value to the product, but it also creates complexity in
design and manufacturing.

Figure 1. Targeted flexibility and productivity (A), and earning power versus cost (Coplin, 1989) (B).

1.1  Engineering design

Design is a sub-process within the overall PD process, where the perceived needs are mapped
to synthesized solutions in the form of products, processes, or systems. It is a problem solving
process that involves engineering activities such as problem definition, ideation and creation
of one or several physical solutions, analytical verification, and an ultimate check (Suh, 1990).
Problem definition, which is perhaps the most crucial design activity, is an iterative process
that often has all the elements of a complete design process. Ideation, a highly creative and
subjective activity, is complemented by analysis, which is an objective activity where the
correctness and the rationality of the proposed solution is verified. Ideation and analysis can
be viewed as dual aspects of creativity. For an ultimate check, a full-scale field test is usually
the most feasible activity.

In literature, the preferred design process is often presented as a systematic transformation
from abstract models of functional requirements to concrete physical solutions, (Pahl and
Beitz, 1984; Hubka and Eder, 1988; Yoshikawa, 1981; Suh,1990). In design, there is normally
no unique mapping from customer requirements to physical solution. The problem is usually
decomposed into sub-problems, and there is normally a zigzagging between different levels of
abstraction, as well as between different phases of the process. Within cognitive psychology
this approach is known as a step-by-step problem solving technique (Newell and Simon,
1972), which is well suited for problems with a well specified goal and a large problem space
for which there is no unique solution. This technique implies that the creative and innovative
elements in engineering are of utmost importance. Innovative problem solving is characterized
by a rather small problem space, a more complicated problem definition, and, after a time of
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incubation, a solution may appear suddenly, often in the form of a flash of ”enlightenment”
(Altshuller, 1988). Within the tradition of gestalt psychology, this area of problem solving was
studied quite early, e.g. Duncker (1935). Creativity requires a lot of ingredients and time
(Sommese and Sommese, 1997), or commitment, practice, and time (Oldach, 1997). That is,
creativity benefits from a rich soil of experience and knowledge that can be used as
background information when an engineer is facing new situations. The ability to judge the
quality of the creative process also improves the creative process (Suh, 1990). Ideation and
verification can be viewed as two contradictory aspects of creativity that depend on each
other. They are thus interrelated.

Figure 2. Subjective and objective aspects of the problem solving process.

If we take another perspective, engineering can be viewed as a decision-making process
(Hazelrigg, 1997). Because we are emotional as well as biological and cognitive beings, we
make judgments by combining what we know with what we feel (Oatley and Jenkins, 1996).
If we have sufficient knowledge about the alternative solutions, though, we have the choice to
make rational and logical decisions. If there is a wealth of background information and
acquired knowledge, rational decisions can be complemented and enhanced by an
”enlightened” intuition. The problem solving process can thus be decomposed into three steps
- problem definition, problem solution, and a decision on how to proceed - if we shall
continue, stop, or iterate. Figure 2 indicates that each of the three steps is a composition of
dual and contradictory aspects.

Concurrent engineering (CE) is a widely accepted approach to organizing PD (Lawson and
Karandikar, 1994). Integrating activities, people, and knowledge brings more and different
perspectives into PD. CE thus enables a more complete expansion of the problem space.
Because many interdependent tasks are performed in parallel, CE adds complexity to the
decision making process. In large projects, it is usually efficient to allow interdependent tasks
to proceed with incomplete knowledge and be based on subjective interpretations (Prasad et
al., 1993) and intuition. The design inconsistencies that will inevitably appear can be
iteratively be solved by negotiations until the tasks are considered to be consistent enough.
The quality of the decisions made can be enhanced if intuition is complemented by a rational
component, such as knowledge of the sensitivities of the design parameters. Such knowledge
can originate from earlier experiences, physical tests, or numerical simulation. This
moderately coupled CE approach (Case and Lu, 1996) benefits from an engineering
environment and tools that efficiently allow inconsistencies to be identified and that are
flexible enough to allow changes to be made easily.

1.2  Engineering technology and tools

Product data management (PDM) systems are a class of computer-based systems that address
the information management problem. PDM might be defined as ”a tool that helps engineers
and others manage both data and the product development process. PDM systems keep track
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of the masses of data and information required to design, manufacture, and support a
product… PDM integrates and manages processes, applications, and information that define
products across multiple systems and media” (CIMdata, 1992). Basically, a PDM system
stores metadata about files that are created with various applications. Integration of these
applications with the PDM system gives an environment in which a data file is automatically
captured when it is created. The master data is held as a unique object in a secured "vault",
where its integrity is assured and all changes to it are monitored, controlled and recorded, i.e.
the change history is also stored. Vaulting ensures that the product data is current and fully
protected. PDM systems are sometimes described as an enabling tool for CE.

Modern CAD/CAM systems are highly productive tools for concept embodiment, detailing,
and preproduction engineering. Dimension-driven, variational and unambiguous solid
geometry, as well as structures of components, can be created and modified efficiently with
these tools. Associativity between geometry and other domains are also generally available.
Form features provide the users with a higher level of geometric abstraction, which makes
geometry interpretation and manipulation significantly easier than it was with tools based on
earlier technology. Structures of components may be created either with a bottom-up approach
or a top-down approach that allows structure and functional attributes to be created prior to
geometry.

The generalized feature concept is a widely accepted view of the link between abstract models
and physical product models. With features as elementary function carriers we have a
complete and consistent hierarchical structure for functional and parts modeling (see figure 3).
The term feature is used here to describe a collection of abstract and/or physical items that are
used in a specific context (Henderson and Taylor, 1993). Features and structures of features
are thus specific to each engineering domain.

Figure 3. A ”complete” hierarchical structure.

Many engineering activities deal with the relation between behavior and shape. Modeling the
actual physical behavior of a product, as defined by the actual physical state of the design, is
vital for efficient design evaluation and optimization. The purpose of behavior models is to
increase knowledge by allowing parameter studies, support behavior verification, and
optimization simulations. With an unambiguous geometric definition, many aspects of
physical behavior are implicitly created at embodiment. Simulations of form, fit, mass
properties, tolerances, and kinematic behavior of rigid bodies can be performed easily. By
adding some extra intents the design model can be transformed to various discretized or
lumped behavior models, such as FE-based models, and the performance as well as the
reliability of the virtual product can thus be studied and optimized.
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Although there is often a certain degree of similarity between related fields, mathematical
models are rarely derived from one another (Mikhailov, 1990). The behavior modeling
proposed here is phenomenological, capturing the most essential features of the studied
behavior. With this approach a behavior model is context dependent. Usually, a model does
not describe all the significant properties of a phenomenon. Because of the dynamic character
of the design process, the phenomenological models of specific behavior should be
associative, i.e. they are views of a general product model (Sellgren, 1995). This is sometimes
referred to as a metamodel approach (Tomiyama, 1994). Specific behavior models might be
regarded as views of a general behavior model, which is a view of a general product model.
The behavior of a system is to a large extent determined by its structure (Hubka and Eder,
1988). From a general behavior point of view, it is the flow of energy, materials and signals
that forms a structure out of the components (Pahl and Beitz, 1984). The inter-component
flow in a system might be regarded as a behavior relation between two pairs of features in
different components. There might be relations between any components in the system. This
possibility implies that each specific system's behavior model has a unique set of relations and
thus a unique component and feature structure. The complex situations in product
development require that the models used in the process are scaleable, reusable, and easy to
modify.

Figure 4. A behavior model is a view of a general product model.

There are several methods available, that can be used to model and simulate different aspects
of physical behavior. The FE method is a general tool for numerical modeling that can
describe the physical state for an object with an arbitrary shape and also simulate the behavior
of that body. The FE method is suitable for investigating the physical behavior of artifacts, for
studying intended relations between mating features in the design, and for detecting incidental
physical relations between design objects and between design objects and environment. There
is a trend to qualify detailed behavior of complex artifacts with FE analysis assisted by
reduced testing, see for example (Morris, 1996) and (Morris and Vignjevic, 1997).

1.3  Motives for simulation-driven design

The term simulation is used here in the broad meaning of imitating the behavior of a real
system by constructing and experimenting with a computer model of the system
(Neelamkavil, 1987). Simulation-driven design can be defined as a design process where
decisions related to the behavior and the performance of the design in all major phases of the
process are significantly supported by computer-based product modeling and simulation.

Figure 5. Loops of ideation and verification that can be supported by behavior simulation.
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A flexible framework for product modeling, based on modern CAD technology, enables
design modification and change. It can thus support the innovative dimension of engineering
as well as the verification of properties such as fit between components and how the design
satisfies the requirements of external interfaces and allowable space.

Conceptual design, detail design, and product usage represent three phases of a product’s life-
cycle. Each phase might be viewed as a process with its own iterative loop of ideation and
behavior verification (see figure 5). The loop with the shortest time-scale can normally be
found in the conceptual design phase. In this phase, ideas are usually generated, verified, and
selected or rejected within days or weeks. Verification can be assisted by tests and/or
numerical simulations. Complex testing can be highly impractical in the earlier phases of
product development. Numerical simulation has a much higher potential than testing in its
ability to efficiently support the conceptual phase. Numerical modeling and simulation also
have the potential to support reasoning in a direction unexpected from the actual goal
(Pickover, 1990) which expands the problem space. A modern CAD system with fully
integrated FE modeling and simulation functionality provides the engineer with tools capable
of supporting a number of engineering steps in all life-cycle phases of a product. Computing
and information technology is significantly impacting the way products are designed,
manufactured, and deployed. ”New technologies in computer science applied to mechanical
computations open the way to alternative approaches for the solution of mechanical problems”
(Eyheramendy and Zimmermann, 1999). The motives for simulation-driven design can thus
be grouped into needs and possibilities.

2  RESEARCH OBJECTIVE

The research objective was to develop a methodology that enables numerical modeling, and
simulation of the physical behavior and performance of complex technical systems. Due to the
complexity of modern products and the complex dependencies between their parts, the work
should be considered from both a process and a systems point of view, and it should be based
on a novel modular and object oriented approach using commercial tools and evolving
technology.

The motive was to support innovative problem solving (see figure 6B) throughout the
engineering design process. The means were a generic modeling methodology and a
metamodel that focused on the effective creation, use, and reuse of models of the physical
behavior of complex systems, without hindering the creativity in the modeling and
synthesizing activities (see figure 6A).

Figure 6. Aspects that must be considered in simulation-driven design (A), and modeling tasks in
problem solving tasks that can be supported by modeling (B).
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3  MEANS FOR SIMULATION-DRIVEN DESIGN

A technical system can be defined as a finite set of subsystems, attributes, and relations.
Subsystems interact at interfaces, where an interface is a relation between a pair of mating
faces (see figure 7). A systems model is an idealized representation of a real or imagined
technical system. Subsystems, mating faces, and interfaces can be represented with features.
The active environment can also be decomposed into feature-based subsystems.

Figure 7. A systems model as an aggregated object.

Different types of models represent different aspects, or views, of a technical system. A design
model is an aggregation of geometric shape, preferably defined by form features, a material
definition and a specification of the active environment that covers working conditions as well
as interactions (GEM, 1996). A manufacturing model is a manufacturing view of a technical
system. It is usually also a representation of a specific design model. An environment model is
a representation of the active environment for the technical system. A design model as well as
a manufacturing model can be represented by a finite set of behavior models, where each
behavior model captures a specific physical behavior at a specific level of abstraction. The
influence from a working condition or a manufacturing process can be defined as an active
environment that can be represented by an environment model. When a behavior model is
combined with an environment model, we have a simulation model. For a simulation model to
be complete, an initial state and a simulation activity object must be added. Although some of
the models are transformations from other models, each has a unique purpose in the
engineering design process, and consequently they must be able to exist in parallel. The
requirements model, as an example, is transformed to a design model in the design process,
but both models must be treated as unique entities throughout the process. The same is true
for the manufacturing model and its relation to the design model.

The research objective requires the development of a modeling methodology that is supported
by a framework, including a metamodel. A metamodel describes the various model objects,
and their attributes and relations. The main objective of this framework is to enable creation
of FE-based behavior models as views of a design model and the use and reuse of existing
submodels in systems modeling. A metamodel is only as good as the understanding of its use
present when the metamodel was created. As experience is gained and technology and tools
are improved, methods and the metamodel must be relatively easy to modify.

3.1  A modularized methodology

Modularization, i.e. developing key modules with well defined interfaces that can serve as
distinct building blocks for new products or variations of existing products, has proved to be
an efficient method of reducing complexity in product development, e.g. (Erixon et al., 1994)
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and (Sanderson and Uzumeri, 1995). Numerical modeling of the physical behavior of complex
engineering systems can also benefit from a modularized approach. Such an approach, based
on four main steps - domain decomposition, definition of the intended mating entities,
structuring, and modularization, where models of subsystems are treated as encapsulated
objects was presented in (Sellgren and Drogou, 1998). This process begins with the technical
specification, which includes geometric constraints such as the allowed space and known or
required interfaces. Because of its generality, the FE method is relied upon as a standard
method to model physical behavior. Other discretization and lumped parameter methods are
viewed as complementary methods. The first two steps in the methodology cover
discretization of the system. The third task in the modeling process, referred to as structuring,
is to synthesize a systems model from the submodels. The output from this activity is a
product model of a specific system. The fourth step in the modeling process, modularization,
is focused on aggregating intraconnected behavior models, preferably in condensed form, and
their external mating features into self-contained behavior modules. The dashed arrow from
the modularized behavior model in figure 8 indicates that behavior modeling is a continuous
activity throughout a product's life-cycle, which indicates the need for scaleable and reusable
models.

Figure 8. A modularized approach to behavior modeling (Sellgren and Drogou, 1998).

3.2  Technical specification

Pahl and Beitz (1984) defined a design specification as the output from the initial design
phase, i.e. clarification of the task, where information on the requirements and the constraints
are collected. Hubka and Eder (1988) viewed the design specification for a system as the
general requirements, needs, and constraints for the system. They also recognized three levels
of abstraction for a design specification - customer level, company level, and designers level.

Product specification is defined here as an aggregation of all product requirements.
Furthermore, a product requirement is defined as a description of a set of testable conditions
applicable to products (Fiksel and Hayes-Roth, 1993). A requirement may include a
description of the prescribed validation method(s) The conditions can be represented in
various forms, such as behavioral, qualitative, quantitative, pictorial, or logical forms (Fiksel
and Hayes-Roth, 1993). The technical specification is viewed as a specialization of the
product requirements (see figure 9), which are transformations from the customer domain to
the product domain. Technical requirements can be further decomposed into functional
requirements, environment, and physical constraints. The functional requirements for an
artifact is its intended behavior, i.e. its purpose. In figure 9, the environment is further
decomposed into working conditions and interactions. The working conditions are the sets of
activities the artifact is requested to perform during its life-time. The interactions are
specifications of the predicted interactions between the technical system and the surrounding
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world. The physical constraints define the allowable geometric envelope, the shapes and the
locations of the required faces to connect with other objects, and constraints on the allowed
physical behavior, such as the maximum allowable acceleration at a specific interface. In
figure 9, these constraints are called shape, mating, and behavior constraints, respectively.

Figure 9. Decomposition of product requirements.

3.3  Domain decomposition

The main objective of the domain decomposition step is to reduce the complexity by dividing
the artifact system and the environment into simpler and more manageable submodels. To
enable submodels to be interconnected, the definition of the intended mating faces is
preferably fully integrated with the domain decomposition activity. Later, submodeling is used
for the domain decomposition and mating face definition activities.

3.3.1  Artifact decomposition

Figure 10. The base module concept.

Because domain decomposition involves several physical domains, including shape and
mating features, it is a highly complex task. The chosen approach is to define a base module at
each level in a hierarchical structure (see figure 10). A base module is an idealized part that
defines the allowable space for a specific object in the hierarchy. It is also preferably used as a
container for material data. It can store the geometric definition and describing attributes for
the topography of the mating faces which is the subset of faces that are intended to mate with
other submodels or with the environment. A base module is thus a link between the technical
specification and the current artifact model. The mating faces can be created with standard
partitioning techniques. A partitioning operation results in a non-manifold geometry that is the
most general form to represent arbitrary geometry (Saxena et al., 1995). Non-manifold
domains are thus essential for defining complex features for behavior modeling (Sellgren,
1996).
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Figure 11. Decomposition supported by topological optimization.

Because a base module has all the properties of a complete product model, it can have one or
many behavior views. Figure 11 gives a snapshot view of top-down modeling. The system has
one level with an attached base module. The base module has one discretized FE-based
behavior module. The behavior module is used as input to a topological optimization
simulation, which gives four different topologies as output. These topologies can be viewed as
concept proposals that after they have been properly analyzed and evaluated, can serve as a
guide for a clever decomposition of the system.
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Base module; 1.2
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Link system;1.1 Back plate; 1.2
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Concept; 1.1
Base module; 1.1
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Figure 12. The top level base module and the top level concept as aggregated objects.

In bottom-up modeling, a base module is the union of the base modules at lower levels in the
hierarchy. In top-down modeling, a base module at level i, is a part of the base module at level
i-1, with the new set of mating faces added. The mounting system in figure 12 is composed
from a link system and a back plate. For both subsystems there is a base module and a concept
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model. For the link subsystem, the concept model is equal to the base module. The back plate
concept has been worked on and consequently the shape differs from the back plate base
module. The top level concept model and base module are aggregations of the subsystem
concept models and base modules, respectively.

3.3.2  Environment decomposition

A technical system changes its physical state when it interacts with the environment.
Interactions with the environment should be quantitatively defined in the technical
requirements for the artifact. A distinction is made here between a prescribed state, e.g. a
displacement or a temperature, imposed on the artifact by the environment, and a prescribed
loading, e.g. a surface traction or a heat flow. These interactions are usually referred to as
boundary conditions in FE modeling. The interaction can also be defined implicitly as a
discrete or distributed property, e.g. a foundation stiffness or a convective property. The
interaction with the environment can thus be specialized into property and state features
shown in figure 13. An environment feature is an elementary and thus single domain
representation, such as a force or heat flow, of a unique piece of the environment as defined in
the product requirements. Each environment feature includes a geometric entity, such as a
point, line, or surface. It is thus a spatial representation of the environment and it can be
viewed as a data point, a data line, or a data surface.

Figure 13. A decomposition of the environment.

The main task in environment decomposition is to identify the individual environment
features as representations of the technical specification, and their mating features.

3.4  Structuring

Structuring involves two activities that are executed in sequence - identification of pairs of
mating features in the configuration and their connection in the systems model. Roy and Liu
(1988) stated that there are three basic types of mating relationships between design objects -
rigid attachment, constraint, and contact. A rigid attachment (abbreviated as attachment)
relationship permits no relative motion between the mating faces. A constraint relationship
constrains the physical behavior at one face to the behavior at the other mating face. A contact
relationship permits separation and a relative sliding motion but no penetration between two
mating faces. By adding a fourth type of interaction, general field transfer, which is done in
GEM (1996), system and environment relationships and intrasystem interactions can be
treated in a consistent way (see figure 14). Alternatively, field transfer could be treated as a
special type of attachment.

Property State

Interactions

Environment

Working
conditions
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Figure 14. Basic types of mating relationships.

A behavior model is a representation of a design model. Although, the shape usually is
idealized compared with the design model, the required mating relation is frequently more
detailed. It is thus a non-trivial and complex task to connect submodels based on information
contained in the mating relations defined for the design objects only. A three-layered model
that addresses this task is presented in figure 15. The design layer treats interfaces as defined
by the relations shown in figure 14. An interface feature is a representation of an interface at a
generic behavior level, e.g. contact between two mating features that are discrete
representations of two mating faces. A contact interface can for example be represented by an
attachment interface feature and vice versa. The actual connection of the submodels is defined
by an application and implementation dependent connect feature, e.g. a set of Contac49
general contact elements for the FE software ANSYS1 (ANSYS, 1997).

Figure 15. A three-layer architecture for submodel connection and structuring.

3.4.1 Attachment relationship

In the FE method, mating relationships can be treated as relationships between discrete nodal
degrees of freedom (DOFs) that are located on two different bodies. Two related domains that
are individually discretized, i.e. two submodels, are either nodally compatible or incompatible
at the interface. Nodally compatible faces are easily attached by merging nodes. Nodally
incompatible submodels on the other hand can be attached to each other with sets of multi-
point constraint (MPC) equations, e.g. Schaeffer (1979) and Kohnke (1994), or with special
purpose interface elements, e.g. Aminpour et al., (1995). Any approach to attaching
submodels that relies on the existence of nodally compatible faces requires complex mesh
transitioning, which makes modeling of the various subsystems highly interdependent. A
concept that is general enough to allow condensed and full FE models of independently
modeled regions to be coupled and that also reduces the number of DOFs at the mating faces
has significant advantages in systems modeling. Such a method based on a new technique that
automatically generates a connect feature with a set of MPC equations was presented in
Sellgren (1998). The master and slave sets in each complex relation were selected
automatically, based on the properties of the actual discretization of the two related faces. The
constraint terms were calculated by combining the concept of area coordinates with Delaunay
triangulation.

                        
1 ANSYS is a trademark of ANSYS, Inc.

Layer Object

Application layer connect feature
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Figure 16. Master-slave relationship between geometrically compatible/incompatible faces.

Two discretized domains, denoted Ω1 and Ω2, are shown in figure 16. An interface defines an
attachment relationship between two geometrically incompatible mating faces, labeled Γ1A

and Γ2A. Two submodels and two mating features can be extracted from the discretized
domains. A behavior representation of the interface, which is denoted an interface feature,
relates the two mating features. A connect feature can then be created, as an application
dependent realization of the interface feature, using the attachment routine presented in
Sellgren (1998).

3.4.2 Contact relationship

The function, reliability, safety, and life-time of many mechanical systems of components,
such as fasteners, joints, bearings, gears, and cam- followers depends on an intended contact
relation between pairs of mating surfaces. General contact capabilities have been implemented
in most general-purpose FE software for many years, and the technique is constantly being
improved. Despite the relatively simple mechanics theory used for modeling contact
problems, the practical simulation of this class of problems is computationally difficult,
mainly because the boundary conditions of the bodies under consideration depend on the
solution variables (Taylor and Sackman, 1980). A general contact algorithm consists of two
distinctive parts. The first part is a contact search algorithm that identifies penetration, i.e.
λ > 0 , between the different sub-domains. Examples of different types of contact search
algorithms that have attracted a broad attention are the master-slave type (Hallquist, 1979), the
single surface type (Benson and Hallquist, 1990), the "pinball" type (Belytschko and Neal,
1991), and the hierarchy type (Nilsson et al., 1989; Zhong and Nilsson, 1996). The second
part of a general contact algorithm satisfies the kinematic contact condition λ ≤ 0  on the
contact surface. The impenetrability constraints on the displacements are usually enforced
either approximately with the penalty method (Oden and Pires, 1983) or exactly with the
Lagrange multiplier method (Bathe and Chaudhary, 1985). The two methods are
complementary (Guerra and Browning, 1983). The second part of the algorithm also

calculates the traction σ n ≤ 0  and ( )σ σt nf=  on the contact surfaces, where σn  and σ t  are

the contact stress in the normal direction and the tangential direction, respectively.
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 ξ Mean
surfaces

In some cases, the actual topographies of interacting surfaces have a significant influence on
the behavior of an entire system. There is, for example, a direct relation between the thermal
and electromagnetic resistivity of interacting bodies and the real area of contact between the
mating surfaces. The level of shielding from electro-magnetic fields and the actual thermal
heat flux in a design thus depend strongly on the contact condition. The reliability of high
performance mechanical components can be severely reduced by fatigue failures. Crack
initiation and propagation in such machine elements depends on the load sequences as well as
on the apparent contact area and pressure distribution between the interacting surfaces.

Figure 17. Rough surfaces, and the concept of mean surfaces.

An idealized kinematic contact condition for real engineering surfaces that takes the surface
topography into account can be formulated as λ ξ≤ , where ξ  is distance between the mean

planes at initial contact between the individual asperities of the two contacting surfaces (see
figure 17).

Any model of a technical system must be as complex as necessary, but it must also be kept as
simple as possible. A proper numerical treatment of all important physical phenomena that
occur in a contact zone requires a detailed discretization of the actual topography and a
thorough material model. If it is necessary to include local effects that occur in the contact
zone in a FE model of a complex system we must rely on simplified models.

The computation of the tangential contact forces involves a number of assumptions and
simplifications of the constitutive relations that define the frictional forces. The correctness of
these assumptions must be viewed, of course, in relation to the actual domain of physical
behavior that is studied. When two surfaces in contact are loaded tangentially, a local slip may
occur before macro-slip takes place. This phenomenon is called micro-slip. An improved FE
representation of the tangential stiffness and the micro-slip behavior of rough surfaces was
presented in (Sellgren and Olofsson, 1999). By combining an asperity-based micro-slip model
with the FE modeling technique, it was shown that the frictional parameters that are related to
surface topography, material data, shape, and loading could be decoupled.

Figure 18. Apparent contact area (dotted circle) and the real area of contact.

The topography of engineering surfaces can be characterized by random height distribution.
Contact between such surfaces is, in general, discontinuous and the real area of contact Ar  is
a small fraction of the nominal contact area An . A FE-based model of the non-linear normal
contact stiffness of a randomly rough surface was presented in Sellgren et al. (1999). The
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model, which was based on the linearized bearing area curve (Abbott and Firestone, 1933) as
defined in (DIN, 1990), significantly improved the contact stiffness and the stress state in the
contact zone. It was also shown that the real contact area (see figure 18) could be evaluated in
a post-processing step using the actual roughness and curvature surface parameters, the
computed apparent contact area, and the stress-strain state. All the parameters that describe
the topography of a surface can be measured easily with a profilometer. They can be stored as
surface attributes in the master model of the product and they are easily transformed to contact
properties when needed in a behavior model.

3.4.3 Constraint relationship

A constraint relationship is a relationship between lumped representations of two mating
features. Here we can recognize idealized constraints such as ball, revolute, and translational
constraints, which can be found in the tool box in multi-body systems (MBS). These
specializations also makes sense in FE models of the mechanical domain. In other domains,
there is no need to specialize the constraint relationship, e.g. the thermal domain.

Figure 19. Constraint relationship specializations.

3.4.4 Field transfer relationship

A field transfer relationship defines the interaction between a mating feature and an
environment feature that is a representation of the active environment; it allows a model of a
technical system to be connected with an environment model. As shown in figure 20, the field
transfer relationship can be decomposed into property models, e.g. foundation stiffness and
convective properties, prescribed state, e.g. displacements, velocities, temperatures, and
forces.

Figure 20. Field transfer relationship specializations.

3.5  Modularization

A behavior module is a fully connected view of a system. All internal interfaces are replaced
with a set of application dependent connect features. A behavior module is thus not
decomposable into its original submodels and interfaces, but it can be recreated from the
systems model. In figure 21, we can see that two submodels, a connect feature, and an
unmated feature that is related to submodel number one, are aggregated to a single behavior
module.
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Field transfer
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Figure 21. A behavior module as a connected model of a system.

3.6  A metamodel

The modeling concepts that were introduced and described in the previous chapters are further
detailed here into a consistent datamodel that describes the various model objects, and their
attributes and relations. This model later referred to as the metamodel. The aim for the
metamodel is to enable integration of the models and the CAD and CAE tools that are used to
create and to manipulate the models.

A moderately coupled approach to integrate multidisciplinary product data was argued for in
Sellgren and Hakelius (1996). The essence of the proposed approach was to store simple data
as product structure attributes in a PDM database and to manage complex engineering
foreground view data in prorietary CAD and CAE format, and to rely on standard format such
as ISO 10303, which usually is referred to as STEP, only when so required. The present
metamodel is based on this approach. The basic concept is to distinguish between metadata,
which can be stored as attributes and relations in any general PDM database, and instance data
which can be stored as logical files (see figure 22), in proprietary or neutral format. In the data
model, a clear distinction is made between systems models and feature models, where feature
models are the elementary building block of systems models. Although the EXPRESS-G
notation (ISO, 1997) is used to graphically represent the data model, the schema language is
not actually used. The metamodel can be characterized as ”STEP aware”.

Figure 22. Distinction between metadata and instance data.

From a modeling process point of view it is advantageous to store the physical properties,
such as material data and shape, in a master model. The design model is the most logical
choice for such a master model. In the data model, a clear distinction is made between systems
models and feature models, which are elementary building blocks of systems models. A
design feature - the building block of a design systems model - is an aggregation of a form
feature, a material object, and an environment object. A form feature is related to an
orientation object that defines its spatial placement. The most important features and their
main relations are shown in figure 23.
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Figure 23. Important building blocks with some relations, from Sellgren (1999).

A behavior feature is a representation of a design feature at a specific level of abstraction and
for a specific physical domain (Sellgren and Drogou, 1998). A behavior feature should
describe the physical properties and behavior of a design feature independently from how it
will be connected to other features. The behavior feature inherits shape and physical and
material properties from the design feature. A design feature can be represented by many
behavior features. An explicit model, which is the term used here for a condensed model such
as a FE superelement, has a derived from relation to a FE-based behavior feature. A mating
feature is derived from a behavior feature. It has an intended or a potential relationship to
mating faces that are related to other behavior features or to the active environment. A FE-
based mating feature has descriptive metadata and a set of stored objects that define the
original and current numbers for the mating nodes, their spatial location, and their DOFs. A
mating feature is also a representation of a mating face, which is a specialization of a
geometric face. An interface feature, which is a pair of mating features, is a behavior
representation of an interface. An interface features is physically connected with a connect
feature, which is a type of behavior feature. When a model in the behavior domain is mated
with an environment feature, we have a simulation model.

A tight integration of a set of behavior models with a design model, can be formalized in a
multi-inheritance metamodel. In figure 24, we can see that a mating face has three attributes.
The mating type attribute classifies the intended type of mating relationship, such as contact,
constraint, attachment, or field transfer. Optionally the surface topography parameters may be
stored in a format defined by the topography type attribute. These three attributes are inherited
by the mating feature. A similar schema can be observed for an interface, which is a specific
type of relational object.
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Figure 24. Multiple inheritance, from Sellgren (1999).

The feature models and the systems models are subclasses of a model super class (see figure
25). The model class is assisted by state, activity, physical property, relation and information
object classes. Design, behavior, and environment systems have the same basic structure -
denoted as an x_system in figure 25. A requirements model is further decomposed into two
subclasses, technical requirements and model requirements respectively. These two
subclasses, which are denoted y_xxx, have a structure similar to an x_model. Interfaces and
other compositions of entities are treated as relational objects. Vectors and matrices on the
other hand are treated as a subclasses to an information object class.

Figure 25. The top class structure and the systems models, from Sellgren (1999).

The EXPRESS schema does not support object methods. Algorithms and procedures for some
of the most important object methods have been developed for implementation in the PDM
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system Metaphase2 as service routines. They have been specialized into three subclasses -
configurators, analyzers, and translators (see figure 26). Configurators are used to configure,
mate, and connect systems. They also have their counterparts: unconfigure , unmate, and
unconnect. Analyzers are procedures for model condensation, analysis, verification, and
validation. The term verification is used for checking if ”the model is right”, and validation is
used for checking if ”the right model” is used. Translators are routines that can be used for the
exchange of explicit models, and mating and connection features between different
proprietary formats via a neutral format, e.g. from an I-DEAS Master Series3 or an ANSYS
superelement via a neutral explicit model format to a MATLAB4 mat-format for analysis.

Figure 26. Service routines, from Sellgren (1999).

In figure 27, it is shown, in IDEF0-format, how the configure_system routine is used as a
mechanism to execute a configure method.

Figure 27. Configure system service routine, from Sellgren (1999).

Mating features that are not referenced by any interface feature in the system are identified as
potential candidates for new interfaces by the mate_system routine. The pairing is presently
done manually. A method to attach nodally incompatible FE models based on Delaunay
triangulation of the node sets at a pair of mating features is used by the connect_system
routine to compute the terms for a set of MPC equations (Sellgren, 1998). With the
mating_type equal to contact, a set of contact elements is generated as a connect feature.

                        
2 Metapahase is trademark of SDRC.
3 I-DEAS Master Series is a trademark of SDRC.
4 MATLAB is a trademark of MathWorks, Inc.

behavior_system
[bs_1]

behavior_feature: bf_1
mating_feature: mf_1,mf_2

orientation: o_1

orientation
[o_1]

x

y

z

behavior_feature
[bf_1]

mating_feature
[mf_1]

mating_feature
[mf_2]

configure

configure_
system

configuration_
control

service_routines

configure_system
s

mate_system

verify_systemconnect_system

extract_system_
orientation

condense_system

condense_mating_feature

analyzers

validate_system

condensed_model_
 to_proprietary_format

condensed_model_
to_neutral_format

translators

decompose_mating_feature

configurators



19

Figure 28. Mate system and connect system service routines, from Sellgren (1999).

By combining the decompose_mating_feature routine with the mate_system routine, which is
shown in figure 28, a set of constraint equations that reduces the number of DOFs at a mating
feature can be created (Sellgren, 1999).
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4  OPPORTUNITIES FOR SIMULATION-DRIVEN DESIGN

A system can be regarded as complex because it is a composition of many elements or
because there is a complex interaction between several physical domains. Even a system that
is aggregated from interacting elements, where each individual element has a simple behavior,
usually has a nonlinear behavior with possible instabilities. Furthermore, in a complex system,
there are several sources of physical uncertainty, as well as many unintended interactions
between the sub-systems. For complex systems, we may thus speak of trends, or average
performance, not on single point values (Marczyk, 1999). To predict the physical behavior of
such a system, there is a need to treat the uncertainties in the physical quantities as well as a
strong need for scaleable and reusable models that are easy to adapt and modify. It is also
obvious that it is not sufficient to limit the use of numerical model to verification of mental
models that are based on real-world observations (see figure 29). In engineering of complex
systems there is much benefit to be gained from using numerical models for divergent
activities such as observations and studies of physically unreasonable cases, sensitivity
studies, and generation of concept candidates. This is the essence of simulation-driven design,
which is demonstrated by the following two cases. The presentation of the cases focuses on
what type of simulations were done and why. How the submodeling approach was used is
presented more briefly.

Figure 29. Numerical modeling for observation and verification.

The first example of simulation-driven design is from EUROSABOT, a joint European
industrial project (Sellgren, 1999b). Here we have a technical system that can be characterized
as simple, but with a complex behavior with well known effects with causes that are not
understood. The second example is taken from a research project with the aim of supporting
modeling and simulation of complex systems with a modeling methodology and a computer
framework. In this case the system is complex with many components and interactions but the
behavior is rather simple.

4.1  A complex behavior

4.1.1  Background

Rolling noise from rail traffic is to a large extent caused by wear induced surface irregularities
on rail and wheel treads. Irregularities with a wavelength that is of the same order as the
length of the contact patch between the wheel and the rail, or longer, cause excessive vibration
and thus sound radiation from both the wheelsets and the track (Thompson, 1994). A
roughness wavelength that is significantly smaller than the length of the contact patch has, on
the other hand, a positive effect on the adhesion and subsequently also on traction and
braking. Freight wagons are traditionally equipped with block brakes that operate on the
wheel tread (see figure 30). The most commonly used block material is cast iron, but also
sinter and composition materials are also used. Blocks made of cast iron are relatively cheap
to manufacture. They also have a positive influence on the adhesion between wheel and tread,
by increasing the micro-roughness of the wheel tread. An increased adhesion has a positive
influence on braking as well as traction. This is also the main reason why disc brakes on
modern trains often are complemented with cast-iron block brakes.
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Figure 30. A track and a wheel set with four tandem mounted brake blocks.

4.1.2  Initial problem definition

Railway wheels that are equipped with cast-iron brake blocks generate significantly more
rolling noise than wheels with other types of braking devices or block materials. The
roughness of the treads on cast-iron block-braked wheels typically has a peak at a wavelength
around 6 cm. Figure 31 shows the measured roughness of block-braked wheels of NS rolling
stock (Dittrich et al., 1994) and the rail roughness on the Dutch network (Dings, 1994).
Published results from roughness measurements that have been performed by other European
railroad companies over the years show the same typical pattern. The roughness growth on
cast-iron block-braked wheel treads is characterized by three phases - initiation, propagation,
and a steady-state phase (see figure 31). In the steady-state phase, the wear is uniform in the
circumferential direction, i.e. the roughness does not increase with time. Dittrich et al. (1994)
reported that the propagation phase is usually very short for a wheel that is braked by a cast
iron block: just a few brake applications.
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Figure 31. The block induced wheel roughness is typically developed in three phases.

The complex interaction between quasi-static and dynamic mechanical behavior and thermal,
chemical, and metallurgical effects in the block-wheel contact combined with the rolling and
sliding situation in the wheel-rail contact has made it difficult to understand the causes from
field measurements. The fact that there is a correlation in the 4 cm to 8 cm wavelength band
between the roughness on cast-iron block-braked wheel treads and the treads on rough rail has
also caused some confusion. There has, however, been a general opinion among experts that
many types of effects and interactions contribute to the roughness initiation process. A
common view has been that a high-frequency dynamic behavior causes an irregular
thermomechanical behavior with a medium time scale, which influences a long term irregular
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wear process between block and wheel. The task described here was to explain the real cause
for the problem with FE modeling and simulation.

4.1.3  Modeling approach

Figure 32 shows a design model of a typical freight wheel, and two standard cast-iron blocks
with a length of 250 mm, and a FE-based systems model. Each component in the design
model was represented with a system of behavior and interface features. This FE model,
which is highly modular, was useful for many numerical observations of the interaction
between block-wheel and wheel-rail at braking .

                          
Figure 32. A design model and a FE representation of a UIC wheel with two tandem mounted blocks.

A 2D behavior representation of wheel, block, and block holder is shown as behavior system
bs_1 in figure 33. The system that has two interface features, i_1 and i_2, can be mated with
other systems or to the environment at the two unmated features w_1 and holder_2.

Figure 33. A 2D FE representation of a UIC wheel with block and block holder.
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4.1.4  Expansion of problem space - numerical observation

One of the aims for the 3D model was to observe the contact state, e.g. the shape and size of
the apparent contact area and the actual pressure distribution, between block and wheel.
Figure 34A, that is from a static 3D FE contact simulation performed with I-DEAS Master
Series, shows two localized pressure regions between a new block and a new wheel. The
separation of the contact area into two areas, is due to the shape of the wheel tread. Figure
34B shows the contact pressure on a block that is at an elevated temperature.

                           
Figure 34. Pressure distribution between a block and a wheel at an equal temperature (A) and at an
elevated block temperature (B),viewed using the data surface capability in I-DEAS Master Series.

Figure 35 shows the simulated 2D effect of the themoelastic behavior of a conforming cast
iron block and a conforming block made of a highly diffusive material, i.e. copper, in a single
stop braking from 60 km/h, with the wear neglected. The top figures show the thermoelastic
deformations (magnified 100 times) after 2 seconds of braking. The lower figures show the
deformations at the end of the braking sequence. The maximum surface temperature was
significantly higher for the cast iron block than for the copper-based block. Although, wear to
some extent stabilizes this thermoelastic phenomenon, it is clear that the contact area for a
cast iron block will be small compared with the nominal area.

              
Figure 35. Thermoelastic behavior of initially conform blocks - a 2D representation of a 3D model.
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The 2D FE model used in the study was the model described in figure 33 with an active
environment added (see figure 36).

Figure 36. The behavior system connected to a model of the active environment.

4.1.5  Reduction of problem space - clarification of a phenomena and concept
selection

In rig tests, which are reduced forms of full scale tests, a stable pattern of hot spots on the
wheel surface was identified during stop braking. These hot spots which spatially coincided
with spots of transferred material (see figure 37), were initiated at the very first revolution of
stop braking.

Figure 37. Spots of transferred material in two strips.

The two strips of spots coincides with the location of the two pressure zones which were
numerically observed and visualized in figure 34.

To simulate a full 3D thermoelastic instability (TEI) behavior with a FE method would require
extraordinary computer resources. The selected approach was to use the 2D system model
described above for coupled thermomechanical simulations. The block holder pivot was
spring-mounted to the surrounding world (see figure 38). The kinematic relation between
block and wheel was modeled as an unsymmetrical contact with the ANSYS general 2D
contact element. The frictional effects in the contact was not considered, i.e. µ=0 was selected
for the connect feature, but a reaction torque M caused by the total friction force was applied
at the block holder pivot.
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Figure 38. 2D behavior representation of block, block holder, wheel, and the active environment.

Simulations of the initial phase of stop braking showed a rapid and large reduction of the
contact zone, because of a thermoelastic effect in the block. The steady state width of the
contact zone was a function of both the applied force and the mean heat rate. A higher force
slightly increased the contact width and an increased heat rate has a decreasing effect on the
contact width. Simulations with a wear coefficient for the block equal to 3x10-12 Pa-1 (the
value recorded in the rig tests) showed that wear did not have a significant influence on the
fast reduction of the contact patch (see figure 39A). After about 2 cm of sliding, however, the
maximum contact pressure continuously decreased because of the smoothening effect from
wear. Figure 39B shows the pressure distribution between 45 mm and 60 mm of total sliding.
After 60 mm of sliding, the contact patch has almost collapsed to two smaller patches. This
phenomenon was clearly caused by the block wear.
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Figure 39. Relative length of the contact patch as a function of sliding distance (A), and the pressure
distribution normalized to the nominal pressure for a portion of the sliding distance (B).

In figure 40 we can see a reduction of the contact area when a perturbation on the wheel
surface with an amplitude of 2.5 µm and a length of 9 mm moved across the contact zone in
the initial phase of the sliding history. The velocity was 60 km/h, the nominal pressure was 1
MPa, and a value of µ=0.2 was chosen for the coefficient of friction. The simulation showed
that the stiffness of the cast iron block was too high to ”absorb” a perturbation of this modest
size. Consequently, a zone around the undulation had no contact. When the perturbation has
passed the contact zone the contact area slowly increases due to block wear.
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Figure 40. Pressure distribution (A) and normalized contact length (B) as a function of sliding distance.

In figure 41A we can see that the maximum increase of the wheel temperature reached a value
of 40°C when the perturbation had passed the entire contact zone. In figure 41B we can also
see that a second hot spot on the wheel was developing approximately 4 cm past the position
of the perturbation. This secondary hot spot was still in the contact zone.

By varying the parameters it was shown that a pattern of hot spots will be generated on a
rough wheel surface by a cast iron block, and that the distance between the spots depends
almost entirely on the thermomechanical properties of the block It was also shown that the
wear process did not significantly influence this process. The initial problem could thus be
refined.
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Figure 41. Maximum wheel temperature rises as a function of the sliding distance (A) and the wheel
temperature distribution at five discrete time points (B).

Based on the numerical observations presented above, a number of block concepts with
different materials were compared and ranked, using results from numerical simulations.
Various analyses and simulations were performed with a set of small models, where each
model had a limited scope and was decoupled from the other models. The numerical
predictions were performed for all concepts in any valid configuration (see figure 42). The
highest ranked concepts will be validated in full scale field tests.

Figure 42. Relevant combinations of block sizes and configurations.

4.1.6  Conclusions

The initial knowledge of the studied problem suggested a full 3D dynamic model. This model
was also useful for several numerical observations that with test results, helped identify the
cause of the observed problem. A 2D representation of the design model could then be used to
verify these findings. When the real problem was identified, concept candidates could be
generated and compared quite easily.
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4.2  A complex system

4.2.1  Background

Tunneling in hard rock is typically performed with blasting techniques. Tunneling consists of
a sequence of activities, starting with the drilling of a pattern of three to five meter long blast
holes, then charging them with explosives, controlled blasting of the rock, and ventilation of
the gases. After the rock has been transported away, the sequence can be repeated. From an
efficiency point of view, it is highly desirable to minimize the deviation from the target profile
for the tunnel, as well as minimize the damage of the surrounding rock, as indicated in figure
43A. This can be achieved with a combination of high precision drilling and a controlled
blasting sequence for an ideal distribution of explosives. Any deviation from the ideal pattern
of colinear and parallel blast holes will increase the size of the crack zone (see figure 43B).

Figure 43. Efficient blasting in A and the effect of a reduced drilling and/or blasting accuracy in B.

The introduction of the pusher-leg drilling (see figure 44) in the 1940’s, usually referred to as
the Swedish method, began a rapid development of tunneling and mining efficiency. The
productivity in terms of drilled meters per operator and hour increased dramatically in the
1960s with the introduction of pneumatic rock drills mounted on mobile rigs. The excavation
technique was developed further a decade later, when the first generation of hydraulic rock
drills were introduced. Since then, this technique has been significantly improved.

Figure 44. The classical Swedish method - pusher leg drilling, from Atlas Copco.
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Figure 45. A mobile rig with two robot boomers and a service platform in action, from Atlas Copco.

In figure 45, we can see a mobile rig, which is used for tunneling applications, equipped with
two Robot Boomers and a service platform. The rig, from Atlas Copco, is a complex system,
that consists of long and slender mechanical parts, hydraulic actuators, sensors, and a control
system. It can thus be characterized as an adaptive system (Grohmann et al., 1998), as shown
in figure 46.

Figure 46. An adaptive system as an aggregated object.

4.2.2  Problem definition

The drilling rig is highly stressed during normal operations, and there are continuously
increasing customer demands on drilling precision and speed. Drilling productivity can be
increased with a higher drilling force and/or a higher frequency. Higher forces and higher
drilling and positioning speed influence the strength of the individual parts and the precision
of the entire system. To be competitive, it is thus of vital importance to be able to find the
limits of the system, to optimize it, but also to constantly look for new and innovative design
solutions. To efficiently address these tasks requires extensive use of numerical modeling and
simulation.
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4.2.3  Modeling approach

Due to the modular structure of the product, it is advantageous, from a process point of view,
to configure also the numerical models of the physical behavior of the design system in a
modular way. A modular model is easy to modify and to reconfigure. These are properties that
significantly enhance the possibilities of exploring new ideas and observing the behavior in
real or synthetic conditions. In figure 47 we can see a behavior module of a rig with two
boomers, which was generated from a hierarchical systems model.

Boomer submodel (instance 2)

Boomer submodel (instance 1)

Rig submodel

Figure 47. A behavior module of a mobile rig with two boomers.

The structure of the boomer submodel, as described in (Sellgren, 1999c), is shown in figure
48. The FE-based boomer model is aggregated from submodels that are interconnected with
connect features on a systems level. The rig model has a similar structure.

telescopeback
plate

boomer_body feed_and_drilling

Boomer

actuators

connect_features

Figure 48. The subsystems of the boomer FE model, from Sellgren (1999c).

Methods and techniques to configure and connect FE submodels and optimization techniques
available in the FE software, ANSYS, were discussed in Sellgren (1999c). Ten different
working positions are shown in figure 49. Movements of the boomer to a target position was
accomplished by changing the state of the actuator elements. Positioning errors due to dead
weight and preloading and sensitivity to some selected feature properties were also studied. It
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was shown that the ANSYS optimization routines could be used to find a specified target
position by minimizing the positioning error for the boomer. Modal extraction was used as a
tool to study the stability limits for the hydraulic cylinders. A component within the system
was studied with an ESO-based ANSYS macro routine that was developed as a general tool
for topological optimization.
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Figure 49. Ten different working positions.

4.2.4  Expansion of problem space - numerical observation

A number of numerical observations of the behavior of the boomer system were presented in
Sellgren (1999c). Many of these simulations were of a divergent character. Instabilities were
searched for, the variation of the eigenfrequencies within the working cycle were calculated
(see figure 50), the position and direction errors for the drill due to variations in the joint
contact stiffness and in the operating forces were found. Furthermore, topological candidates
for a component of a subsystem were generated with topological optimization.
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Figure 50. The lowest frequencies (A)) and the span (B) for a boomer system within a typical working
cycle, from Sellgren (1999c).
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4.2.5  Reduction of problem space - clarification and verification of phenomena

If we can find the actuator forces that minimize the position and direction errors for the drill,
we have reduced the problem space. Such convergent simulations were also presented in
Sellgren (1999c). The approach was to define the actuator state as design variables and to
minimize the position error with the optimization tools available in ANSYS (ANSYS, 1997).
An example of an initial position and a target position found with this technique are shown in
figure 51.

X

Y

Z

Figure 51. Initial position and target position found by minimizing the position and direction error.

Shape optimization, and the calculation of section forces and stress concentrations, are other
examples of simulations that reduce the problem space by clarifying important phenomena.

4.2.6  Conclusions

The purpose of a simulation and the constraints defined for the model define if it is of a
divergent or a convergent character, i.e., if the simulation is intended to reduce the problem
space or to expand it. Although the same model can be used, for example, to study the
behavior of the system and to calculate the stresses at some crucial components, I believe that
it is important to have a single focus for each simulation (see table 1).

Table 1. Characterization of some numerical simulations based on its purpose.

Expansion of problem space Reduction of problem space

Variation of modal characteristics at work Level of interaction between the modal properties 
of the system and the dynamic properties of the 
loading

Simulation of physical behavior Stress calculation

Positioning error due to system properties Positioning control, i.e. finding required actuator state
and/or loading

Topological optimization, i.e. finding concepts Shape optimization, i.e., detailing of a concept

Target (found)

Initial position (given)
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5  APPENDED PAPERS - SUMMARIES AND INTERRELATIONS

This dissertation comprises 9 papers, appendices A-I. The interrelations between the papers
and the research areas constituting the dissertation are illustrated in figure 52.

Figure 52. Interrelations between appended papers.

Paper A: A Survey of PDM Implementation Projects in Selected Swedish Industries

Product data management (PDM) systems are a class of computer-based systems that address
the need to manage product related information that is mainly formal and computer
interpretable. PDM systems are sometimes referred to as concurrent engineering (CE)
enablers. Paper A presents some of the results from a survey of PDM implementation projects
in six Swedish industrial companies, with products ranging from telecommunications systems
to trucks and medical equipment. Technology and engineering might be characterized as
becoming more knowledge-intensive. The results clearly indicate that a PDM solution can not
be bought as an off-the-shelf product. Implementing an enterprise-wide system for
information and process management requires substantial investments, mainly as own labor
and external consulting resources. A PDM strategy must be a part of an overall information
management strategy in the company. One of the main conclusions is that the methodology
used to develop a product data model is not significantly different from developing a physical
product. The importance of using the CE approach in the process of implementing an
enterprise-wide PDM solution is recognized, and the following tasks are considered
particularly important:
• The actual situation in the company must undergo an thorough analysis before a PDM
implementation.
• Time and resources should be directed to the feasibility study.
• A PDM implementation project requires management initiatives and involvement and above
all consensus regarding the mission.
• A well functioning team with cross-functional competence is an important asset in the
development and implementation of an enterprise-wide PDM solution.
• A successful feasibility study should contain at least one pilot project. There are substantial
benefits to be gained by this, including verification of the solution realization, feed-back from
the rest of the organization and realistic schedules for a full-scale implementation
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Paper B: Requirements on a FEA Assisted Engineering Process

Paper B elaborates on the requirements on a product modeling system from the finite element
(FE) analysis point of view. It is stressed that there is a strong international trend towards
collaborative engineering and reduction of organizational barriers in product development
(PD) with the understanding that the organizational changes combined with the new and
evolving CAD/CAE technology strongly enable finite element analysis (FEA) to efficiently
assist the engineering process. Collaborative engineering benefit from a rich and flexible
modeling environment that allows conceptual FE models of product behavior to be created,
detailed and expanded throughout the products life-cycle. A speculative and innovative
engineering environment must be flexible enough to accommodate various development
strategies, methodologies and tools. The environment includes both the organizational
"culture" and the supporting technologies and tools.

In paper B, it is argued that a prerequisite for an efficient use of FEA in the engineering
process is a product modeling system that can create and manipulate unambiguous and
variational solid geometry. Efficient FE modeling of various physical domains of component
behavior, as well as the definition of relations between components at various levels of detail,
requires non-manifold geometry. A one-to-many associative relation between geometric
master model and unstructured and/or structured FE models is a third requirement for efficient
behavior modeling and utilization of FEA. The process also benefits from geometry-based
relations to the environment (i.e. boundary conditions). A product metamodeling
methodology, supported by a CAE system that fulfills these basic requirements, enables
parallel embodiment and verification simulation (i.e. collaborative engineering) in the product
realization process. Furthermore, a collaborative and team-based environment is a prerequisite
for an efficient utilization of specialized FEA knowledge in the engineering process.

Paper C: Behavior Simulations in Mechanical Engineering - A Modular Approach

Many engineering activities must deal with the relation between shape and behavior. The
finite element (FE) method is a general method used to model and simulate physical behavior.
CAD and FE integration enables numerical prediction of the physical behavior of artifacts. To
deal with the complexity of modern products and the dynamic character of the design process,
the integration must be addressed from both a systems and a process point of view. The
models must thus be flexible, scaleable, and reusable. Paper C proposes a modularized
modeling approach based on four stages - domain dicretization, interface definition,
structuring, and modularization.

The described modeling methodology can fully utilize the dynamic modeling functionality in
present state-of-the-art CAD/CAE software, and it allows:
•  easy modification of components
•  capture of physical behavior on a component level
•  a one-to-many relation between the geometric model and the physical behavior models.
•  associativity between FE-based behavior models and the geometric model
•  simultaneous treatment of intercomponent relations a different levels of abstraction
•  easy assembling of a specific system of physical behavior.
•  consistent treatment of full submodels and reduced submodels.
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Synthesis of condensed behavior modules from behavior features and their relations enable
efficient simulation of large systems.

Paper D: Attachment of Mating Faces - an Interrelational Feature Approach

Many engineering systems are characterized by a physical behavior that to a large extent is
determined by complex interactions between subsystems. FE modeling and simulation of the
physical behavior of complex systems is possible because of methods and technologies that
allow subsystems to be modeled independently of other subsystems, and where systems
models can be aggregated from a mixture of detailed, coarse, and condensed submodels.

A method to attach pairs of nodally incompatible submodels is presented in paper F. A major
benefit of the approach is that FE submodels and superelements are treated with the same
formality. The essence of the approach starts by first establishing a master-slave relation
between sets of nodes on mating faces, followed by a Delaunay triangulation of the selected
master node set, and finally by mapping each slave nodal degree of freedom (DOF) to the
DOFs of the three most appropriate master nodes. The method was developed as a support
tool for FE modeling and simulation of multiphysics behavior of complex systems. It was
implemented in the general purpose FE software ANSYS as a macro library.

Paper E: Application of a Constitutive Model for Micro-Slip in Finite Element Analysis

Micro-slip is a phenomenon that occurs between contacting surfaces when a frictional load,
less than that necessary to produce macro-slip, is applied to the contacting surfaces. Micro-
slip is a nonlinear physical behavior that is important for fretting fatigue, control engineering,
the damping and stiffness of connections and joints.

Paper E presents the implementation of a micro-slip friction law based on asperity
deformation in a commercial FE software. The friction law is based on asperity deformation
and is capable of simulating oscillating movements. An important feature of the frictional
model is that it decouples the parameters that are related to shape, material and surface
topography, respectively. Two examples are chosen to illustrate the applicability of the model.
Significant differences in the shear stress in the contact distribution between an elastic
Coulomb friction law and the micro-slip friction law are detected on local level as well as on
global level.

Paper F: A Contact Model for Rough Surfaces

Engineering surfaces can be characterized as more or less randomly rough. Contact between
engineering surfaces is thus discontinuous and the real area of contact is a small fraction of the
nominal contact area. The stiffness of a rough surface layer has an influence on the contact
state as well as on the behavior of the surrounding system. The theoretical background, the
implementation in a commercial FE code, and the verification of a contact model that takes
the properties of randomly rough engineering surfaces into account is presented in paper F.
The contact model that was developed for determining the apparent contact area and the
distribution of the mean contact pressure was based on a limited set of height parameters - the
linearized bearing area curve - that describes the surface topography. By operating on the
calculated apparent pressure distribution with a transformation function that is based on both
height and curvature parameters, the real contact area can be estimated in a postprocessing
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step. It is shown that the contact stiffness and thus the accuracy of the calculated apparent
contact area and the resulting stress state in the interacting bodies can be significantly
improved if the surface topography is taken into account.

Paper G: A Methodology and a Framework for FE Modeling of Complex Systems

Integration of CAD and CAE technology enables engineers to explore design alternatives and
to ensure product quality before the first prototypes are manufactured. It also helps clarify
problems that are identified in the use phase of a product. Present commercial CAD and CAE
software supports an associativity on component model level. Engineers are usually hindered
in their efforts to simulate the physical behavior of complex systems of components. Paper G
describes a framework and a modeling methodology, with the scope to enable numerical
modeling, simulation and analysis of the physical behavior of complex systems. The
framework, which is based on commercial CAD, CAE and PDM software, includes a
metamodel that can be characterized as ISO STEP aware but not STEP compliant. The scope
of the presented approach supports modeling of the physical behavior of complex systems in
an iterative and thus complex engineering process, by using encapsulated submodels of design
components and their mating faces. Behavior models and their connections , both of which
may exist at different levels of abstraction, are treated as representations of a CAD-based
master design model.

Paper H: Simulation of Brake Block Induced Corrugation on Railway Wheels

Railway wheels that are equipped with cast-iron brake blocks generate significantly more
rolling noise than wheels with other types of braking devices or block materials. The
roughness of the treads on cast-iron block-braked wheels typically has a peak at a wavelength
around 6 cm. The complex interaction between quasi-static and dynamic mechanical behavior
and thermal, chemical, and metallurgic effects in the block-wheel contact, combined with the
rolling and sliding situation in the wheel-rail contact, has made it difficult to gain an
understanding of the causes from field measurements. Coupled transient thermal and quasi-
static mechanical FE simulations using ANSYS, presented in paper H, show that
thermoelastic instability (TEI) may be a major cause for roughness initiation. FE simulations
of TEI dominated phenomena require extraordinary computer resources. Discretization and
time step constraints makes a 3D approach unrealistic in most cases. A 2D submodel view has
been used to study the initiation of wheel corrugation due to braking on the tread with cast
iron blocks.

Paper I: Finite Element Modeling and Optimization of a Robot Boomer

In a complex system, there are several sources of physical uncertainty, as well as many
unintended interactions between the subsystems. To predict the physical behavior of such a
system, there is a need to treat the uncertainties in the physical quantities as well as a need for
scaleable and reusable models that are easy to adapt and modify.

Various modeling and simulation aspects of an Atlas Copco Robot Boomers are presented in
paper I. The rig, which is an Atlas Copco product that is used for tunneling applications, is a
complex system with long and slender mechanical parts, hydraulic actuators, sensors and a
control system. Due to the modular structure of the product, it is advantageous to configure
also the numerical models of the physical behavior of the design system in a modular way.
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The essence of the used approach used is to support behavior observation, analysis and
simulation in an iterative and thus complex engineering process, by using encapsulated
submodels of components and their interfaces.

Methods and techniques to configure and connect FE submodels, and optimization techniques
available in the FE software, ANSYS, are discussed. Movements of the boomer to a target
position is accomplished by changing the state of the actuator elements. Positioning errors due
to dead weight and preloading and the sensitivity to some selected feature properties are also
studied. It is shown that the ANSYS optimization routines can be used to find a specified
target position by minimizing the positioning error for the boomer. Modal extraction is used
as a tool to study the stability limits for the hydraulic cylinders. A component within the
system is studied with an ANSYS macro routine based on an evolutionary approach that has
been developed as a general tool for topological optimization.

6  CONCLUSIONS

A modeling framework that allows general numerical observations of the physical behavior of
technical systems and that supports verification and optimization of the selected concepts,
open the way to new approaches to solving engineering problems. Integration of modern CAD
technology and FE modeling provides the engineer with tools capable of supporting a number
of engineering steps in product development. Efficient and innovative problem solving can be
assisted by moderately coupled commercial ”state-of-the-art” PDM, CAD, and FE software.

A methodology for a simulation-driven engineering process is preferably based on a modular
and object-oriented approach that allows the design domain to be discretized in many different
ways and stored as submodels. The task to connect and as well as disconnect independently
modeled submodels is a nontrivial task. A three-level architecture for the connection model is
one way to address this problem. At the design layer, which is at a generic level, an interface
object can be used to define a mating relation between two mating faces, located on different
design features. An interface feature exists at the next level, which is a generic behavior layer.
An interface feature defines the relation between two mating features, which are located on
two behavior features. Behavior features, mating features, and interface features are
representations of design features, mating faces, and interfaces, respectively. At the
application layer, we have the connect feature, which is an application dependent realization
of an interface feature, e.g. a set of multi-point-constraint-equations or a set of contact
elements.

The presented approach allows a flexible configuration and connection of FE-based models of
complex systems from a structure of submodels. The systems model is thus scaleable, stored
submodels are reusable, and a model with a specific and not predefined purpose can be used
for numerical observation, as well as for verification and optimization. Simulations can thus
give significant contributions to the innovative climate and the productivity of projects in
product development.
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7  DISCUSSION

”With the increase in the types of problems that can be solved (with the technologies of
computational mechanics) comes a corresponding (or perhaps even greater) increase in the
complexity of the software needed to be able to solve these problems.” (Beall, 1999). It can be
argued that, as a consequence of this development, there is an increasing need to manage
models in a more generic and application neutral form, and to develop translators that can
reformat a generic model into an application specific format. To enable world class tools to be
used in chains of calculations, there is also a need to translate simulation output into a neutral
format. The first task is addressed in this thesis, and the second task is addressed in GEM
(1996) and in the ongoing ISO activities to define an engineering analysis reference model
(ISO, 1997b).

Use of numerical models of the physical behavior of complex products requires that the errors
introduced to the models are properly assessed. A proper verification and validation of the
models that are developed and used in the engineering process is thus crucial for the progress
of a modeling and simulation-assisted engineering process. The terms verification and
validation are used here as they are normally defined in work related to design of knowledge-
based software systems (KBS). Verification is thus a process aimed at demonstrating if a
system meets its specified requirements. This is often called "building the system right"
(O'Keefe et al., 1987). Validation is a process aimed at demonstrating if a system meets the
user's true requirements, often referred to as "building the right system". Verification and
validation can be viewed as a set of techniques and an associated process by which the
techniques are applied as part of the whole development process (Preece, 1990). Verification
and validation are sometimes referred to as an integrated V&V activity.

In a complex system there are several sources of physical uncertainty, as well as there are
many unintended interactions between the subsystems. For complex systems, we may thus
speak of trends, or average performance, not point values (Marczyk, 1999). To predict the
physical behavior of such a system, there is a need to treat the uncertainties in the physical
quantities as well as there is a strong need for scaleable and reusable models that are easy to
adapt and to modify for new purposes.

8  FURTHER RESEARCH

The framework presented can be considered a test bench, where the supporting modeling
methodology and its applicability in both the concept embodiment and the detailing
engineering phases can be scrutinized and developed further. Ongoing research is focusing on
the development of methods and tools to automatically mate and connect individually
modeled FE-based submodels at their common interfaces; see for example Sellgren (1998a).
This research includes extracting physically reasonable properties for contact and sliding
situations from topography parameters that are stored as mating face attributes in the CAD-
based design model (see Sellgren and Olofsson, 1999; Sellgren et al., 1999).

An important distinction can be made between product verification and validation (PV&V)
and model verification and validation (MV&V). MV&V assesses the errors in the numerical
models used in PV&V. A targeted research area is to develop a set of verifiers - tools that can
be used to examine ”if a systems model is correct” enough for its purpose, and validators -
tools that can be used to check and to control the validity of a model, i.e. to explore ”if the
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right systems model” has been created. A validator can be viewed as an interface between a
simulation result and a result from a physical test.
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