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Abstract
The design flow for primary-shaped microcomponents and microsystems is pre-
sented. As a characteristic of microspecific design, the approach is predominant-
ly driven by technology. To integrate the relevant technological demands and re-
strictions into the design synthesis for a realizable embodiment design in accor-
dance with the specified function, design rules are defined. These represent
mandatory instructions for the designer. To support the designer effectively the
design rules are provided within a computer-aided design environment. In addi-
tion to an information portal, an embodiment design unit is built up on the ba-
sis of the 3D CAD system Unigraphics, which includes an application for
knowledge-based engineering (KBE). The rule-based design methodology was
used for the development and design of a microplanetary gear.
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1.1
Introduction

Microtechnology involves technologies for manufacturing and assembling pre-
dominantly micromechanical, microelectrical, microfluidic and microoptical
components and systems with characteristic structures with the dimension of
microns. In doing so, microproduction technologies take on a key role, since
their process-specific parameters and boundary conditions determine the small-
ness and attainable quality features of the components. Owing to the ongoing
progress in microtechnology and the increasing penetration of the market with
medium-sized and large-batch products, development steps preliminary and
subsequent to production are becoming more and more relevant for an effective
design in compliance with the requirements. Therefore, the designer needs to
be supported by a technological basic knowledge and know-how, regardless of
individual persons.

1.1.1
State-of-the-Art of Design Flows and Design Environments within Microtechnology

Microtechnologies include silicon microsystem technology, the LIGA process
and mechanical microproduction technology.

Silicon microsystem technology is the most widespread microtechnology
throughout the world. It is based on the process technology of integrated cir-
cuits (ICs) and benefits from a comprehensive know-how from microelectro-
nics. Unlike in microelectronics, microtechnological products integrate active
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and passive functional elements, which rely on at least two elementarily differ-
ent physical, chemical or biochemical effects and working principles. In addi-
tion to sensors and information processing, particularly actuator functions are
performed. The predominantly 2.5-dimensional and sometimes three-dimen-
sional structures use silicon as substrate with its excellent mechanical proper-
ties. Along with others, all these characteristics of silicon micromechanical sys-
tems have required a specific design methodology ever since a critical level of
development from research into industry was reached. Different design process
models are known [1–3], which among other things integrate analytical and nu-
merical simulation tools. Silicon-based micromechanical products are developed
in an iterative sequence of synthesis and analysis steps. A specific difficulty lies
in the deviation between the designed target structure and the actual structure
after the optical lithography and etching process. Therefore, compensation
structures are introduced into the design and simulation environment, adjust-
ing the determined structure by dimensional add-on and auxiliary structures
[4–6]. Design rules are introduced as a methodological aid to represent this
technological information. Design rules have been used in microelectronics
since the early 1980s to enable very large-scale integrated (VLSI) circuits to be
synthesized automatically to the extent of nearly 100% [7]. Silicon microsystem
technology has now reached a high degree of development status. A lot of re-
search programs have led to design flow descriptions and collections of design
rules.

Like silicon microsystem technology, the LIGA process utilizes mask-based
process steps. The LIGA process approaches an obviously broader range of ma-
terials and is characterized by extremely high aspect ratios with at the same
time the smallest lateral structure dimensions [8]. LIGA permits the manufac-
ture of mold inserts which can be used in replication techniques for large-batch
parts (Chapter 8). In addition to thermoplastics, also metallic and ceramic mate-
rials are processed. To support the design and process, engineering design rules
are utilized which give – depending on the process sequence – instructions for
a design for manufacturing and for separating, manipulating and assembling
components [9]. Within different research programs, design environments for
computer-aided design of LIGA microstructures embedding design rules were
developed [10, 11]. The computer-aided design of LIGA microstructures still
shows a high demand. A standardized model for methodological design flow in
the LIGA process is lacking to date [12].

1.1.2
Mechanical Microproduction

To come up with a more cost-effective, medium-sized and large-batch suitable
process for manufacturing microsystems, the potential of miniaturizing me-
chanical production technologies has been increasingly investigated in recent
years. Predominantly staged production process sequences for manufacturing
mold inserts by wear-resistant materials followed by a replication step show out-
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standing future prospects. Technologies such as micromilling and laser machin-
ing are suitable for manufacturing complex three-dimensional free-form sur-
faces (Chapters 5–7). By replication techniques such as micropowder injection
molding, high-strength microcomponents and microsystems from metallic and
ceramic materials can be produced in large quantities (Chapters 11 and 12).

When designing primary-shaped microparts with respect to function and
manufacturing, it is necessary to incorporate boundary conditions and restric-
tions from process steps downstream to the product development into the de-
sign activities as early as possible [20]. Thus, a design flow is introduced that
uses design rules to support the designer effectively with respect to functional,
geometric and capacitance demands. The process model and the method are
embedded in a knowledge-based design environment.

1.2
Design Flow

1.2.1
Specific Issues Within the Design of Microsystems

In contrast to the procedures and methods commonly applied in mechanical en-
gineering and precision engineering, product development of microtechnologi-
cal systems requires attention to the following issues.

1.2.1.1 Dominance of Technologies
Going beyond the basic rules and guidelines of embodiment design microtechnol-
ogy has a strong focus on parallelization of product and process development. Re-
sulting from the rapid advances in existing production processes and the appear-
ance of new technologies, the question of ‘how to manufacture’ becomes a concep-
tual part of product development. Microproduction technologies, materials and
specific effects define the possible shape and function of new products.

1.2.1.2 Surface-to-Volume Ratio
Owing to the super-proportional rise in the surface-to-volume ratio in the range
of the characteristic and functional dimensions of microcomponents, the global
dimensions have a different ratio to local deviances. Higher level surface toler-
ances in macroengineering have the same significance as notch form deviation
in microengineering. There is no longer a difference in magnitude between ma-
terial microstructures and work-piece dimensions. The numbers of crystals and
surface layers are relevant for the calculation of elastic properties.
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1.2.1.3 Dynamics
As a consequence of their small volumes, microsystems have lower inertia.
They can be operated in higher ranges of frequency and show high dynamics.

1.2.1.4 Standardization
Standards with regard to generic or product-specific dimensions do not exist for
the design of microcomponents and systems.

1.2.1.5 Validation
Mostly, either no equipment for the measurement and testing of microcompo-
nents is available at all or insurmountable physical obstacles occur (size of com-
ponents, essential accuracy of the measuring equipment). Design can, therefore,
only set requirements on what can be verified by means of measurement and
with the use of testing equipment.

Compared with silicon microsystem technology, the LIGA process and the me-
chanical microproduction technologies show the following specific differences.

1.2.1.6 Enhanced Material Spectrum
Microsystem technologies with replication subprocesses possess an enhanced
material spectrum. Totally new applications arise from it, making it necessary
to characterize the materials with respect to their microstructures and proper-
ties. This is an important input for product development.

1.2.1.7 Emphasis on Actuators
Since the LIGA process and mechanical microproduction technologies do not
rely on silicon as base material, there is enormous potential to develop actuators
using a multitude of effects. Integrated in a superior system or as an integrated
self-sufficient microsystem, actuators offer particularly energy and material in-
terfaces to the macroscopic world. A microspecific design methodology has to
be directed on methods and processes to calculate and design the relevant inter-
face machine elements.

1.2.2
Microspecific Design Flow

Each design process starts with a definition of the target system. The target system
definition is developed with the involvement of the customer and determines re-
quirements and boundary conditionsfor the product that is to be developed(Fig. 1-1).

The target system definition helps to concretize the task and to clarify vague and
unexpressed demands on the object system – the subsequent microproduct – prior
to the beginning of the design. Along with the customer, a requirements list is
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generated, which describes the target system by quantitative and assessed criteria.
To ensure that a fundamental criterion is not forgotten, checklists with main head-
ings exist for drawing up a requirements list [13, 14]. The requirements list repre-
sents a dynamic document, which has to be examined continually with respect to
up-to-dateness and inconsistencies during the design process. Moreover, the risk
exists of specifying the task in an unchallenged or in an overextended way. An un-
challenged specification might lead to a product ahead of schedule but without
matching the real performance characteristics. On the other hand, an overex-
tended specification might limit the solution space in such a manner that no solu-
tion could be developed [3]. For the target system definition of microelectronic cir-
cuits, hardware description languages are standardized. The microsystem technol-
ogy of primary shaping concentrates on energy- and material-converting microsys-
tems with integrated information flow and with single functions from different
physical, chemical and biochemical domains, so no formal methods and target
system definition languages are available.

When conventionally developing products and systems of mechanical engi-
neering and precision engineering [13–16], a conceptional phase would follow,
in which basic partial solutions for functionally organized subsystems would be
developed and systematically combined to the optimum basic solution with con-
sideration of evaluation techniques. When developing microsystems, the
approach is ‘technology driven’. At the same time, the technology term describes
all of those scientific disciplines as a whole that contribute to the product devel-
opment process. This especially applies in production engineering and material
sciences. Among material sciences, also research on new or specifically formed
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physical, chemical and biochemical effects has to be itemized. Effects are com-
prehended as both those which are intentionally used to transfer the target sys-
tem into the object system by effects and active principles in order to fulfil a
function (e.g. shape memory effect) and those which inevitably result from phe-
nomena such as friction and wear.

Because of being driven by technology, parallelization of stages of conceptual
and embodiment design occurs, which exceeds different levels of abstraction.
While making conceptual decisions on system level related to function in a top-
down approach, simultaneously structural details conditional on technology are
being designed in a bottom-up way. In between, single components are prelimina-
rily drafted (basic design). These structural details can be entirely finalized and an-
notated with all tolerance data and information relevant for production prepara-
tion. Already during the subsequent design stage, a complete component can
be constituted in its final shape (detail design). The system comes to the stage
of basic design. Eventually the system itself is finalized and refined into a detailed
design documentation for transfer to production preparation. In doing so, the
approach constantly changes between the view on the complete system and the
smallest structural element (’meet-in-the-middle‘) [17], wherein the design space
is restricted for the designer through boundary conditions and restrictions of
the production processes. However, features that cannot be described as easily
as geometric quantities also have an influence. These are characteristics of the ma-
terials themselves such as microstructure or mechanical properties and physical,
chemical or biochemical effects made accessible by them. The latter can develop
into disturbing effects when the dimensions become smaller, they can become
less important or even emerge and therefore open up completely new applica-
tions. All of these ‘technological’ aspects therefore have to be integrated into the
microtechnological design of structures, components and systems [18].

Therefore, it is necessary to make the multi-technological knowledge from
the above-mentioned technologies directly available to the designer in the de-
sign process. This is achieved via the methodological aid of design rules.

1.3
Design Rules

1.3.1
Basics

1.3.1.1 Definition
Design rules are instructions derived from technological restrictions which have
to be followed mandatorily for a realizable design.

Technologies embrace all processes and methods of production preparation,
production and material science including effects which are adjacent or subse-
quent to the design process. Restrictions describe all boundary conditions, re-
quirements and constraints that influence the design embodiment of the prod-
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uct with respect to the entire product life cycle. A realizable design is a design
that is completely specified in detail (CAD–CAM suitable 3D CAD model, draw-
ings) ready for production.

Owing to their mandatory character, design rules are an explicit part of the
conceptional and embodiment design activities. Disregarding the knowledge
about restrictions leads to a design that only inadequately fulfils the function or
is even not able to be manufactured, assembled, dimensionally characterized
and so on.

Design rules are mandatory instructions to be followed by the designer!

1.3.1.2 Derivation of Design Rules
Design rules begin by detecting potential influences that a technology could have
on the microtechnological design. The features and parameters of this technol-
ogy are quantifiably taken over in an extraction step. Then these properties will
be projected to existing and possible components and system structures and
marginal analyses of still realizable manufacturing sizes will be made, i.e. inter-
preted relevant to design [19, 20].

Only a methodical trained product development engineer can carry out this
interpretation and raise technical facts via suitable query techniques (interview-
ing techniques, e-mail query via special forms, so called ‘technology specifica-
tion sheets’; see, for example, Fig. 1-5). Now these ‘raw data’ need to be trans-
formed via creativity methods or with experimental knowledge into a methodi-
cal knowledge that can be used by the designer. Knowledge from individual dis-
ciplines – from the designer’s view this is data and information – is raised to a
higher level of knowledge and made available mono-disciplinarily, i.e. from the
designer’s point of view (Fig. 1-2).

According to a specially developed classification scheme, the interpretations
are formulated as generally applicable rules. The classification scheme that is
introduced here models itself on the technologies for mold insert production
and replication that are a part in the production process. The nomenclature is
as as shown in Fig. 1-3.

These different process steps are formulated separately for the further applica-
tion of the design rules in a knowledge-based design environment. It has to be
clearly determined to which type of part the geometric sizes refer. This is car-
ried out via a so-called rule class. It indicates for which type of part the rule
was formulated and to which manufacturing technologies and tools or materials
it applies. The letters ‘AA’ describe the type of part to which the rule refers, i.e.
‘mold insert’ or molded and sintered ‘model’. Then follows the information
about the production technique with a more detailed specification of tool group
and material group. When a rule is applied to different production techniques
or tool groups or material groups, the entries ‘xxx’ or ‘x’ are indicated. The rule
ends with a consecutive number for the respective rule composition.

Different rule sets exist for the mold insert manufacture and molding process
of parts explained above. However, they can be geometrically connected. Hence
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the structure details of the mold insert that are influenced by the manufactur-
ing restrictions can also be found at the molded part, where the geometry sizes
scale around the sinter shrinking and complementary structures are developed.

The following section explains the design rules of the single technologies
(especially of process preparation and production) that are connected to process
chains for replication processes. A distinction is made between two large pro-
cess chains, ‘micropowder injection molding’ and ‘microcasting’.

1.3.2
Design Rules Derived from Restrictions of Production Technology

Design rules are a methodical aid for achieving a knowledge transfer from tech-
nological facts (see, e.g., Fig. 1-5), especially from the operation system of pro-
duction technology to the operation system of product development. This is
demonstrated by the flow arrow in Fig. 1-4.

Fig. 1-4 demonstrates that not only are there indications regarding manufac-
turing aspects passed on to the designer via guidelines for embodiment design
and rules, as in mechanical engineering or precision engineering, but that it is
also mandatory to employ the requirements and restrictions relevant to design
that are included in the design rules. Without the active design that includes
the knowledge facts in the rules, an effective and successful synthesis is not
possible in primary-shaping microtechnology.

1.3 Design Rules 11

Fig. 1-2 Knowledge transformation by interpretation relevant
to design



The rules used at present refer exclusively to the production process chains
for primary-shaped microcomponents. It has to be considered that most of the
time the model is created in the CAD and from there a negative form – the
mold insert – is generated. In the case of parametric CAD systems, the sinter
shrinkage can also be considered in this process and the mold insert can be de-
signed correspondingly larger. The manufacturing of the model is done in two
steps. First, the mold insert (negative) is manufactured. The technologies avail-
able here are machining and abrasive processes (see Fig. 1-3 and Chapters 4–7).
The second step is the molding process of the model (positive) by means of
ceramic or metallic micropowder injection molding (Chapters 10–12) or micro-
casting (Chapter 13).

To each of the two process steps different restrictions apply, e.g. it is not pos-
sible to mill a cavity that is smaller than the milling cutter. Also, micropowder
injection molding requires a minimum wall thickness and a maximum flow
length. However, both parts are geometrically unambiguously connected, i.e. re-
strictions of the mold insert manufacturing automatically apply also to the
molded part and vice versa. Here it has to be considered especially that the geo-
metric properties of both parts are not identical. First, the part is scaled during
the molding process because of the sinter shrinkage and then a negative is cre-
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ated, so that, for example, a hole in the mold insert is converted into a cylinder
with a decreased height and diameter.

1.3.2.1 Design Rules for Mold Insert Manufacturing
Replication processes require as a first step the manufacture of a form – the
mold insert. To achieve the aim of a cost-effective, medium-sized and large-
batch production of microcomponents from metallic and ceramic material, abra-
sive and machining processes of the mechanical microproduction are more ad-
vantageous than processes based on lithography. For the majority of applications
in the Collaborative Research Centre 499, micromilling has been used for the
manufacturing of mold inserts so far.

Among others, micro end mill cutters are employed here in order to manufac-
ture 2.5- and three-dimensional microstructures. Process-specific parameters that
have to be extracted are, for example, the body diameter of the tool and the length
of the milling cutter’s edge that is linked to it. If interpreted with relevance to de-
sign, this implies that it is not possible to manufacture mold insert structures that
are smaller than the milling cutter diameter plus the milling cutter tolerance or
deeper than the maximum cutting depth. Owing to the circular cross section, ver-
tical inner edges are also impossible, i.e. all mold insert edges – equivalent to outer
edges of the final part – have to be provided with a minimal rounding radius.

1.3 Design Rules 13
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All these parameters and properties are collected in so-called technology spe-
cification sheets and are interpreted with relevance to design (Fig. 1-5) [21].

In systematic scenarios, the determined technological facts are now projected
on to potential geometric structures or functional influences on the microparts.
The results are descriptions and mathematical connections that correlate ma-
chine tool and tool parameters with design parameters. With the presentation
of the design rules, the designer is provided with abstract and descriptive, but
also concrete and computer-aided information about the same knowledge fact.
Fig. 1-6 shows a design rule for three-axis micromilling that applies both to the
end mill cutter and to the radius cutter.

Various other design rules exist in addition that name the technological re-
strictions of three- and five-axis micromilling, and also rules for microelectrical
discharge machining and for laser machining.

1.3.2.2 Design Rules for Replication Techniques
The replication of microcomponents is done by micropowder injection molding
(�PIM) and by microcasting. Micropowder injection molding as a replication
technique for microcomponents differentiates between metallic and ceramic in-
jection molding depending on the material to be molded. The �PIM process
uses the mold inserts in order to mold the metallic or ceramic feedstock directly
into these molds.

The microcasting process is based on the lost-wax lost-mold technique, so as
a first step models have to be manufactured. These lost models, mainly made
from polymers, are mounted on a gate and feeding system made of wax. This
assembly is completely embedded in a ceramic slurry. After drying, the ceramic
is sintered, resulting in a ceramic mold with high mechanical strength. Simulta-
neously during the burning process, the polymer model is molten and burnt
out. After the subsequent casting process, the metallic microcomponents can be
taken out of the lost mold.

Micropowder injection molding
Boundary conditions of the �PIM process result from the necessity to attach run-
ners in a sufficient number and size to the part’s surface and to provide a surface for
the ejector pins contacting the molded part for removal. The maximum achievable
flow length and aspect ratios, and also sharp cross section transitions and cross
section bendings, limit the mold filling behavior and the molding process quality.
Especially the shrinkage of the material during sintering has to be considered.
Therefore, taking into account the sintering shrinkage, it is possible that smaller
structures may result compared with the dimensions of the mold insert, but shrink-
age tolerances of ± 0.4% have to be considered at the same time (Fig. 1-7).

1 Design Environment and Design Flow14



1.3 Design Rules 15

Fi
g.

1-
5

A
ch

ie
va

bl
e

m
an

uf
ac

tu
ri

ng
si

ze
s

in
pr

od
uc

tio
n

pr
ep

ar
at

io
n

by
m

ea
ns

of
th

re
e-

ax
is

m
ic

ro
m

ill
in

g
[2

1]



1 Design Environment and Design Flow16

Fi
g.

1-
6

K
R

_F
E_

M
F3

_x
_0

01
–

M
in

im
um

ra
di

us
fo

r
ve

rt
ic

al
in

ne
r

ed
ge

s



1.3 Design Rules 17

Fi
g.

1-
7

K
R

_M
O

_P
IM

_x
_0

01
–

D
im

en
si

on
al

m
ar

gi
n



Microcasting
To come to a design compatible with microcasting, several technological circum-
stances have to be taken into account. Compared with micropowder injection
molding where the green compact and brown compact are intermediates on the
way to the final sintered microcomponent, in microcasting more and versatile
preparation and intermediate steps exist that influence the result. Depending
on the manufacturing process for the lost models, different concepts for cast-
ing-compatible positioning of gates are necessary (model on substrate or single
injection-molded models with gate and feeding system). The attainable surface
roughness of the microcomponent is determined by the embedding mass em-
ployed and ranges down to Ra = 0.5 �m for Stabilor G. In addition, the attainable
dimensional accuracy should be pointed out to the designer. By varying the ex-
pansion ratio of the embedding mass, the dimensional accuracy is adjustable
within a few microns. In microcasting, small structures within a few 10 �m in
wall thickness with at the same time high aspect ratios are processable. On fall-
ing below a specific structural diameter, the filling pressure rises in a hyperbolic
manner, resulting in a more complicated form filling. This phenomenon is
expressed by the design rule in Fig. 1-8, which consequently has an influence
on the dimensional conception and the embodiment design (see Chapter 13)
[22, 23].

1.4
Design Environment

The filing of rules in a database is important for the applicability of the rules
for the designer and implementation in computer-based systems. The design
rules can be provided over an interactive knowledge portal and/or directly with
an application in 3D CAD.

The design environment is planned in a way that supports the designer with
respect to the product development phase in which the design is at that mo-
ment, by means of the design rules that are correspondingly altered with the
abstraction level. In the early stages, the general comprehensive information
about the production processes and the material properties are the interesting
aspects. In the embodiment design phase, quantified values about realizable
manufacturing sizes have to be provided for a detailed design draft. Here, con-
crete instructions are required that must be followed to realize a production-
compatible and functional part design.

According to these different representation forms of the knowledge content of
design rules, the design environment itself has to be planned to be flexible and
application specific. Therefore, an information component, i.e. a web-based
interactive knowledge portal, and an embodiment design component that is
directly integrated into the CAD system as a working environment for the de-
signer were developed for the product development of primary-shaped micro-
components. Both units access the same data of a database [24, 25].
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1.4.1
Information Unit

A ‘design and methodology database’ (KoMeth), which supports the designer as
an interactive knowledge portal via different access possibilities with design
rules, serves as an information component. The access page offers different
selection fields that permit, according to the classification scheme (Fig. 1-3), the
search for rules for a specific manufacturing technology, for specific part types
or specific tools and materials. The rules that were found are displayed systema-
tically in a hit list according to their rule class and name. If the designer is al-
ready familiar with the production process chain, a direct search over the list of
existing rule classes and names is also possible. When selecting a rule from the
hit list, an information page is displayed which shows the rule class, the num-
bering, the rule name, a prosaic description, an algorithmic–mathematical for-
mula (if available) and sketches of geometric dimensions and illustrations of
real manufactured microstructures (Fig. 1-9).

In the course of product development, the abstraction level decreases and
more and more technological restrictions have to be considered. Especially at
the stage of realizing the embodiment design, the shape and dimensions of re-
alizable structure details are not easy to comprehend any longer. In addition to
the significance of errors and the inefficiency, these details deviate too much
from the original design work. Therefore, the so-called design rule checker was
established in mechanical engineering, microelectronics and mask-based micro-
technology. This approach is also used for rule-based embodiment design of pri-
mary-shaped microcomponents.

1.4.2
Embodiment Design Unit

In addition to the presented qualitative and descriptive content, the knowledge
base of the database also includes concrete values of single manufacturing tech-
nologies and knowledge about connecting these data with geometric characteris-
tic values in the form of rules. These are formulated separately because both
are independent of each other and subjected to permanent changes. The infor-
mation and parameter values are derived from the state of the microproduction
technologies and the material sciences. The rules are derived from the expertise
and the experience in the design process, process preparation and production,
and also from the part testing and material testing. Therefore, they are also sub-
jected to permanent development and completion. All information and knowl-
edge have to be saved independently of the CAD system. This offers the advan-
tage that the same information and knowledge data can be used for different
CAD systems and can be maintained without CAD.
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1.4.2.1 Preparing Elementary Rules for Computer-aided Design Rule Check
With the application at hand, it has to be examined whether the designed geom-
etry can be manufactured by means of the production technologies and materi-
als selected. Therefore, the necessity to focus only on geometry is obvious, i.e.
on the individual surfaces and edges. As a result, a description by means of
boundary representation (B-rep) [26] has been chosen as the geometric model.
In addition, many common transfer formats for CAD data such as STEP [27] or
IGES support this description model.
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Fig. 1-9 KoMeth – Design and methodology database



The task of a programmed algorithm is thus to derive geometric parameters
from the three-dimensional geometric model and connect them by means of
rules with the production technological parameter.

By adapting general rules to the special geometry and to the individual pro-
duction process, elementary rules are obtained. Consequently, they are not gen-
erally applicable any longer, but describe concrete circumstances and can hence
be evaluated by the computer. As can be seen in Fig. 1-10, the preparation for
this is carried out in two parallel paths: the adaptation and concretization of the
rules and the determination of the geometric parameters.

Application- and process-specific adaptation of the design rules
The processing of the rules as provided by a database until the time when they
can be connected with the geometric parameters is carried out in three steps
(Fig. 1-10, left path):
1. The rules are loaded from a database into a list corresponding to their rule

code. Rules which are not appropriate according to the technology or the
tool/material are not considered.
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2. If a rule is defined for another type of machine element (model � mold in-
sert), it is ‘translated’ by means of a transformation table. In doing so, certain
key words are replaced by others (e.g. inner diameter � outer diameter)

3. In accordance with the applied production process chain, the production tech-
nological data are loaded from a separate database, after which the respective
placeholders in the rules are replaced. If no equivalent for a placeholder can
be found in the database, the value ‘0’ is assumed.

Determination of the geometric parameters by means of the boundary
representation method
The evaluation of the geometry of the machine element is carried out in two
phases (Fig. 1-10, right path). First, all boundary representations from the data-
base of the CAD system need to be read, and second, the corresponding proper-
ties of each representation are to be determined.

In the first phase:
1. a list of all solids of the machine element;
2. a list of all surfaces and edges of the solids from (1) are detected.

Geometric properties can be defined for solids, individual surfaces, two sur-
faces or edges (Fig. 1-11). For the determination of a property, geometric infor-
mation about the individual boundary representations from the machine ele-
ment database is available, such as unit (normal) vectors, fulcrum, limiting or
proximate elements, etc. From this geometric information, simple geometric pa-
rameters can be derived. Two surfaces, for example, are parallel when they have
identical unit normal vectors.

For other parameters, the calculation is more complicated, since there are var-
ious influencing factors or interdependences. One example is the angle � of an
edge, which is defined as the angle measured by the part between the adjacent
surfaces directly at the edge. For the determination of this quantity, the fact is
used that normal vectors are always indicated outwards from the volume solid
of the CAD.

In particular, the calculation runs through the following steps:
1. Determination of the adjacent surfaces.
2. Specifying a common point of the surface on the edge.
3. Determination of the unit normal vectors of two surfaces at this point.
4. Calculation of the angle between the unit normal vectors:

cos� ��n1 ��n2 �
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Fig. 1-11 Determination of the boundary elements and
their interrelations



5. Determination of the small angle between the surfaces:
�� � 180�� � �

6. Adjustment of nonparallel surfaces (0� � �� � 180�), if it is an inner edge
(� � 180�) or an outer edge (� � 180�).

7. Check if one of the surfaces exceeds the common edge in the direction of the
other normal vector. This is possible by determining the turning point PE,1

on the surface F1 in the direction of the normal vector �n2 of the other surface
F2. To obtain an obvious point, two further directions need to be defined. For
this the cross product �n1 ��n2 and the first normal vector �n1 are used. The
point PE,2 is determined analogously.

8. Adjustment if one of these two points is on the common edge of the surfaces;
if yes, then it is an outer edge, if not, it is an inner edge.

9. Calculation of the angle:
with an outer edge: � � ��
with an inner edge: � � �� � 180� �

The detailed rules obtained by means of the steps listed above are now com-
bined with all applicable boundary representations and their geometric proper-
ties in order to determine elementary rules. The latter consist only of numbers
and mathematical operations and can be evaluated by an appropriate commer-
cially available program [28, 29].

1.4.2.2 Design Rule Check

The 3D CAD System Unigraphics for Knowledge Based Engineering (KBE)
For realizing the knowledge-based design environment, commercially available
system components are used to a great extent. Unigraphics (UG) V18 [30] is
employed as a CAD system as it offers the possibility of a full parametric de-
sign. Furthermore, since version 17, a knowledge-based module (UG/Knowledge
Fusion) (UG/KF) and a programmable user interface (UG/Open API) have been
provided. The advantage of directly using a CAD system with an integrated
knowledge-based module is that no neutral interface formats are required. As a
result, costs and effort can be reduced and a loss of information (e.g. parametric
or attached attributes) due to several format conversions can be averted.

Indication of the production process chain with associated technological
specifications
Before it is possible to check the microcomponent, the designer needs to indi-
cate the production technologies used and the type of machine element of the
product model that is to be designed. For this purpose, in a pop-up window a
question on whether the mold insert or the model is involved and a question
concerning the techniques and tools planned for the production are displayed.
As a consequence, the corresponding rule classes can be derived.
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Via the chosen rule classes, a database is addressed from which the applicable
design rules on an abstract level are read out. In a further step, the parameters
within the rules are replaced with concrete quantities from the production tech-
nologies, e.g. by the tool diameter or the process tolerances.

A great advantage is that the production technological parameters are filed in
a separate database. Especially in the microdomain they change permanently as
there are always new process alternatives available or existing ones are im-
proved. The filing is carried out separately for the production preparation and
the production. In the production preparation not only the process but also the
tools are distinguished. For each of these any properties can be defined, which
are filed in a separate, connected database table. Hence new properties can be
introduced via the database only by means of modifications.

In a rule database all defined design rules are filed. They are contained in the
form of an explanatory text, which is also displayed in case of a rule infringe-
ment, as well as in the form of an ‘IF – THEN – ELSE’ condition. The ‘IF’ part
is formulated as a mathematical equation with placeholders for production tech-
nological and geometric parameters. If the described equation is correct, the
‘THEN’ part is carried out or, if not, the ‘ELSE’ part, which may be e.g. an auto-
matic correction.

Design Rule Check (DRC) process
The checking is to a great extent carried out by means of a C++ program, which
has been written exclusively for this task. In this program, the CAD data and
databases are read in and elementary rules are created. These elementary rules
are checked in the UG/KF module and rule infringements are presented in a
pop-up window.

In order to demonstrate functionality, a micromechanical component has
been defined, with the aid of which many production restrictions can be pre-
sented. It is a short T-piece at which the web has been shortened slightly and
the vertical edges are rounded so that the mold insert can be manufactured by
micromilling. The mold insert is to be milled with an end mill cutter (diameter
200 �m, length of cutting edge 400 �m) on a three-axis micromilling unit. To
induce a rule infringement, the edges of the web are not rounded.

After the adjustment of the production technology and the type of machine
element, the checking is started and the result is later presented in a dialogue
box (Fig. 1-12a). When an infringed rule is selected, the matching geometric
element is marked in the CAD model and additional information concerning
the rule is displayed. In this case (not rounded edge) also an automatic correc-
tion is possible. If this is carried out for all four edges, the program does not
display an error message any longer (Fig. 1-12b).

If the corrections are acceptable for the designer, drawings for the mold insert
and the model can be generated for production and quality assurance. Alterna-
tively, it might be possible to transfer the design data directly via a CAD–CAM
interface to the production preparation.
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Fig. 1-12 (a) Interactive window with infringed rules; (b) manu-
facturable part after automatic correction (rounded vertical
edges)

a)

b)



1.5
Conclusion

The approach presented here for the design of primary-shaped microcompo-
nents and microsystems was defined and validated by developing and designing
a microplanetary gear. Therefore, a tolerance concept for generic and gearing
tolerances was established and implemented in the gear unit. By manufacturing
and measuring single components of the gear, perceptions are iteratively inte-
grated to the tolerance concept. Subsequently, our Institute will introduce a
microgear test rig in order to test the components of microgears. The goal is to
obtain information regarding the transmission behavior of high-strength micro-
components that are in contact within the system. In combination with the di-
mensional measurement of single components, microsensitive features and
properties of microgears are deduced with consideration of their effects on func-
tion. Moreover, the development of a new VDI guideline is being directed by
the Institute owing to its activities within the domain of microgears.
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