
H O S T E D  B Y Available online at www.sciencedirect.com
http://dx.doi.org/
2288-4300/& 20
ND license (http

nCorrespondin
E-mail addre
Peer review u
Journal of Computational Design and Engineering 3 (2016) 53–62
www.elsevier.com/locate/jcde
Programming of adaptive repair process chains using repair features
and function blocks

Gunter Spöckern, Thorsten Schreiner, Tobias Huwer, Kristian Arntz

Fraunhofer Institute for Production Technology IPT, Department CAx-Technologies, Steinbachstrasse 17, 52074 Aachen, Germany

Received 7 April 2015; received in revised form 11 June 2015; accepted 22 June 2015
Available online 2 July 2015
Abstract

The current trends of product customization and repair of high value parts with individual defects demand automation and a high degree of
flexibility of the involved manufacturing process chains. To determine the corresponding requirements this paper gives an overview of
manufacturing process chains by distinguishing between horizontal and vertical process chains. The established way of modeling and
programming processes with CAx systems and existing approaches is shown. Furthermore, the different types of possible adaptions of a
manufacturing process chain are shown and considered as a cascaded control loop. Following this it is discussed which key requirements of repair
process chains are unresolved by existing approaches. To overcome the deficits this paper introduces repair features which comprise the idea of
geometric features and defines analytical auxiliary geometries based on the measurement input data. This meets challenges normally caused by
working directly on reconstructed geometries in the form of triangulated surfaces which are prone to artifacts. Embedded into function blocks,
this allows the use of traditional approaches for manufacturing process chains to be applied to adaptive repair process chains.
& 2015 Society of CAD/CAM Engineers. Production and hosting by Elsevier. All rights reserved. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Flexibility in manufacturing processes is becoming a key
objective in today's economic environment with current trends
like mass-customization and cyber-physical systems. These
trends and the rise of novel near-net-shape production tech-
nologies lead to new requirements on manufacturing process
chains. Introducing flexibility into manufacturing process
chains results in higher complexity as production steps will
typically depend on dynamic decisions based on influences
such as measurement data or process parameters. Therefore,
tools for complexity management will have to be put in place
to support the user in modeling and executing process chains.

A prominent example are repair process chains in the
maintenance, repair and overhaul sector in the aerospace and
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energy industries. Due to the use of expensive super alloys
repair processes are a cost-efficient alternative to the produc-
tion of new parts and are put in place whenever possible. The
need for maintenance results from the superposition of the
three factors mechanical and thermal load as well as erosion.
Furthermore, individual damage patterns and deformations will
occur at the rotating turbine components [1–3]. The repair
process chains in use consist of several steps like milling, laser
cladding or grinding. Each process has to be adapted indivi-
dually to the repair case, the result defines the input for the
next step. Complex dependencies are a consequence of this
approach and have to be mastered.
In the past several companies have developed different

strategies to satisfy the need for this kind of repair process
chains. A common practice is to manually identify the
damages and adjust the computer-aided design (CAD) accord-
ingly. These adjustments may include (i) transformations to
equalize a part distortion, (ii) adding of auxiliary geometries
such as planes to allow planning of the computer-aided
evier. All rights reserved. This is an open access article under the CC BY-NC-
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Fig. 1. Horizontal and vertical repair process chains.
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manufacturing (CAM). Another commonly used approach to
implement an adaptive repair process chain is to develop
custom-tailored software systems for each kind of part and
type of damage.

Obviously, both approaches need a substantial amount of
manual preparation and are thus far from optimal in terms of
cost. To overcome this situation an approach is required which
can capture the required repair process knowledge and is able
to support automated execution of the repair processes. This
results in new challenges for process planning and manufac-
turing. Today's CAx systems and approaches are not able to
fulfill these demands. Therefore, this paper introduces repair
features which can be used as a basis for planning and
programming of repair process chains. Furthermore, this paper
shows how the benefit of repair features can be leveraged by
the use of function blocks to program adaptive repair process
chains, as well as how they can be set up with function blocks.

Having introduced repair features this approach can com-
bine the commonly used way of process planning and
programming with the new requirements for handling of
adaptive repair process chains. Furthermore, it has the potential
to be easily adopted by the industry as the established way of
programming manufacturing process chains through CAD/
CAM can still be integrated into the presented approach.

2. Fundamentals and state of the art

Flexibility in manufacturing has long been a subject of
research. In the last 90 years it has been treated from economic,
organizational and technical viewpoints. Although it is not
possible to make a clear-cut distinction between these concepts,
this paper places emphasis on the technical aspect and focuses
on the role of CAx software systems in this context.

2.1. Flexibility in manufacturing process chains

In an attempt to sum up previous works and to create a
common terminology, Browne et al. [4] introduced a classifica-
tion which defines eight types of manufacturing flexibility: (i)
Machine flexibility, the ease of making the changes required to
produce a given set of part types. (ii) Process flexibility, the
ability to produce a given set of part types, each possibly using
different materials, in several ways. (iii) Product flexibility, the
ability to changeover to produce a new set of products very
economically and quickly. (iv) Routing flexibility, the ability to
handle breakdowns and to continue producing the given set of
part types. (v) Volume flexibility, the ability to operate a flexible
manufacturing system profitably at different production
volumes. (vi) Expansion flexibility, the ability of expanding a
system as needed in a modular way. (vii) Operation flexibility,
the ability to interchange the ordering of several operations for
each part type. (viii) Production flexibility, the universe of part
types that the flexible manufacturing system can produce.

As Sethi [5] pointed out, CAx technologies in conjunction
with CNC machining centers are a prerequisite for achieving
any of these flexibilities but especially for machine, operation
and product flexibility. Sethi rejected the idea of computer
flexibility as an own category, arguing that computer technology
underlies all the categories defined by Browne. With the
advance of computer and communication technologies and their
widespread distribution within the manufacturing industry
branches, it has become increasingly clear that these technolo-
gies have a significant influence on manufacturing flexibility.
The classification of Kusiak [6] takes this development into
account and considered computer flexibility as an own category.
In this paper methods to describe and model flexibility in the
CAD/CAM domain along repair process chains are discussed.
In order to do this a distinction between horizontal and vertical
process chains is made [7], see Fig. 1.
A horizontal process chain is a series of manufacturing

processes needed to produce a work piece. A typical horizontal
process chain in the processing of formed sheet parts contains
cutting, forming and joining [7]. Another example is the repair
manufacturing process chain of worn turbine blades through
additive laser cladding and re-contouring [8,2,9].
A vertical process chain describes, in contrast to horizontal

one, the way from the idea to the product and contains other
types of processes [7]. Typically, a series of steps is needed to
plan and execute a single manufacturing process which
involves personnel, machine tools, tools, fixtures. Often
vertical process chains deal with geometric modeling (CAD),
tool path planning (CAM), post processing and the manufac-
turing process itself (e.g. milling, grinding) [10].
Flexibility in the vertical process chain can take several

forms which all have to be supported by the different software
systems in use. The geometry of the workpiece might change,
making every produced part unique (product flexibility).
Examples are repair processes on parts which have acquired
their current geometry through wear, parts being produced by a
casting or forging process and thus have varying stock or
unique tools and dies. The manufacturing process can be
replaced by another technology, for example punching by laser
cutting or milling by grinding (process flexibility). Process
flexibility also means changes in process strategy which may
be necessary after a change of workpiece material or the
machine tool. Finally, the machine tool may be a subject to
change, for example by changing the fixture, tool holder or
axes setup (machine flexibility). Product flexibility will make
demands on the CAD system, process flexibility on the CAM
system and machine flexibility on the CAM system, post
processor and CNC machine tool controller.
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Operation flexibility and routing flexibility are the key
capabilities for a flexible horizontal manufacturing process
chain. Operation flexibility can mean a reordering of the
manufacturing steps needed, adding, removing or substituting
manufacturing steps. It has to be supported by CAPP software.
Routing flexibility can today be observed in highly flexible
manufacturing plants which allow products to be dynamically
routed to alternative machine tools or assembly devices if
necessary due to downtimes or high loads.

As mentioned, these flexibilities make high demands on CAx
systems to handle, organize and plan manufacturing processes.
This paper describes a novel approach to master the resulting
complexity and exploit the potential of flexibility in repair
processes by combining repair features and function blocks.
2.2. Features

The term “adaptive machining” describes machining pro-
cesses with variable input states, which produce defined and
consistent output states [11]. To realize an adaptive machining
process a complex process chain is necessary, in which every
single process contains its own CAx process chain to generate
the required data. An interesting approach to this requirement is
the feature modeling technique. “By features we mean the
generic shapes or characteristics of a product with which
engineers can associate certain attributes and knowledge useful
for reasoning about that product” [12]. Features consisting of a
geometric and semantic part are used to describe the workpiece
requirements and functions in a 3D CAD model [13]. The
required basic structure of a feature is shown Fig. 2: it
corresponds to a certain form element (syntax), has a technical
meaning (semantic) and relationships between the syntactic and
semantic elements exist [13]. The geometric and semantic part
are also based on knowledge which is indispensable for the
planning and realization e.g. of an adaptive machining process.
In this context the knowledge can be distinguished between an
explicit and an implicit form. Explicit knowledge can be
verbalized and communicated via language, such as text
documents and databases. In this form it has the properties of
being writable, questionable, arguable, transportable and can be
understood by logical reasoning [14]. In contrast, implicit
knowledge is based on the experience and capability of an
individual person e.g. CAM planner and is often not fully
communicated. However, implicit knowledge is indispensable
for accomplishing activities in the product life cycle or CAx
process chain [14]. Feature technology is a tool which is suitable
to transport and document data, information and knowledge.
The CAx process chain becomes transparent and unnecessary
workload can be reduced. These are key aspects in the adaptive
repair of turbine blades, since the associated CAx process chain
needs a large amount of input and the output has to be handled
consistently. Today the main application field is the use of
feature technology in form of “prismatic design feature” or “user
defined feature” to design 3D CAD models since these are
supported by commercial 3D CAD systems.

2.3. Handling adaptive manufacturing process chains

There are already several existing approaches to model,
program and plan manufacturing process chains.
In industry commercial CAx systems are commonly used to

program manufacturing process chains [13]. One example for
such a CAx system is Siemens PLM NX [15]. In those systems
CAD entities are referenced and process parameters for a
manufacturing process step are specified within operations.
These in turn can be chained together in a linear or hierarchical
order. Furthermore, in some systems it is possible to use rules or
scripting to allow flexible programming of tool paths.
Another possibility to program adaptive manufacturing

process chains is the development and usage of specially
customized software. However, due to the high setup-costs this
approach can only be economically used for high-volume parts
or product families with a similar manufacturing process chain.
Within the Fraunhofer Cluster of Innovation “TurPro” (Inte-
grative Production Technology for Energy-efficient Turboma-
chinery) [9] an example of such a specialized implementation
was developed and analyzed.
Computer-aided process planning (CAPP) deals with finding

a selection and sequence of manufacturing processes and
possibly the determination of values for the corresponding
process parameters to manufacture the desired product accord-
ing to the specification. Many existing approaches are based on
the existence of geometric features [19,20]. It is possible to use
CAPP to handle adaptive manufacturing process chains by
executing it on the current input data, respectively.
Furthermore, declarative approaches have been proposed with

the idea to specify only the desired result and not the exact sequence
and parameters. A prominent example in this category is STEP-NC
[21]. It contains all the information for manufacture, through the
description of machining entities, working steps, workplan, tools,
machining strategies, etc. [22]. STEP-NC was demonstrated to be
capable of implementing a closed-loop adaption of the CAx process
chain by feeding back measurement results [23], as well as
implementing an machine control adaption [24].
An emerging approach to program adaptive manufacturing

processes is based on function blocks (IEC 61499) [25]. It was
originally designed for distributed industrial-process measure-
ment and control systems but is also applicable to the
integration of manufacturing process planning, scheduling
and execution [26]. A basic function block encapsulates
internal algorithms, variables and an execution control chart
as shown Fig. 3. The latter defines the logic of how to react to
a specific event in its current internal state. Upon receiving an
input event and corresponding data, the execution control chart
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runs one or more of the algorithms on the data. In turn, it may
send output events and data to activate potentially connected
function blocks. In order to allow modeling of reoccurring
logic, and communication with hardware, IEC 61499 specifies
other types of function blocks as well. However, all of them
share the event and data interface mechanism. For example
there are composite function blocks which contain and hide a
circuit of other function blocks. They comprise their function-
ality by redirecting the input events and data to the sub-
function blocks, see Fig. 4.

3. Adaptive manufacturing process chains

The goal of this paper is to show how adaptive manufactur-
ing processes and process chains for repair applications can be
handled programmatically. Therefore, it is shown which
influences affect repair process chains and how they can be
handled within the existing approaches.

Tutsch describes a vertical manufacturing process chain as a
sequence of quality control loops [27]. Each control loop is
responsible to adapt one manufacturing process of the process
chain according to the desired quality of the result. This
approach focuses on detecting problematic characteristics of
the product. The findings are stored in a company-wide database
which can be used for future product design and manual
optimization of process parameters. However, this view as a
sequence of quality control loops does not consider adapting the
process chain itself, e.g. by changing of CAM operations.
Therefore, this paper introduces a new view on vertical

adaptive process chains. They can be considered as a cascaded
control loop as shown in Fig. 5. In such a control loop the outer
loops calculate the set points for the inner loops (in this case
“setup adaption” and “online adaption”). The reaction time of
the inner loops to feedback is less than the one of the outer
loops. For example, changes in a CAD model require the most
engineering efforts because of challenges like finding correct
references for the measurement and designing auxiliary geome-
tries. In Fig. 5 each arrow represents a closed loop control and
thus a potential source of flexibility. Adaptions in the inner
loops need to be applicable very fast and thus run on the
machine tool controller, e.g. laser power adaptions on feed rate
drops. Hence, this paper distinguishes between online and
offline adaptions. Online adaptions run on the machine tool
controller while offline adaptions are handled outside of the
process-related components, e.g. by CAx systems. Online
adaptions are already in use today [8] and can be applied with
less effort than offline adaptions, since their underlying depen-
dencies are limited to input generated during process execution.
In contrast, offline adaptions are often applied manually [27] or
by very specialized software with restricted repair cases [11].
The existing approaches to handle adaptive manufacturing

process chains mentioned previously are not capable of imple-
menting an adaptive repair process chain completely (except for
the customized software approach which is not generally applic-
able because of its specialized character and the high implemen-
tation costs). The reasons are (i) Generic CAx systems do not
support every process technology and are limited in working
together with 3rd-party applications. Especially, the support for
generative processes are uncommon amongst them, while those
play a key role in repair processes. (ii) Declarative approaches
like STEP-NC may be able to express all the required information
about adaptive repair process chains but are also limited to that
functionality. Execution management still needs to be done by
another component, e.g. the machine control. This leaves the need
for an higher instance controlling the whole adaptive repair
process chain. (iii) The function block approach is promising but
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so far has only been used to implement machine controls or has
been used to perform CAPP tasks. (iv) CAPP itself only
addresses the process planning and finding of the process
parameters. It too does not deal with execution control. Further-
more, CAPP needs features as a starting point.

Thus, this paper introduces repair features to allow the
application of existing approaches in the domain of adaptive
repair process chains by providing the required CAD data
based on the nominal model and measurement data. To
implement the control loop for selecting and fitting of the
repair features based on the measurement input this paper
proposes the use of function blocks. Function blocks are also
used to handle the implementation of the whole adaptive
manufacturing process chain as it may be required to execute
multiple loops.

The selection and use of production information for repair
processes depends strongly on the worker's experience [28,29]
, leading to the quality of manufacturing results being bound to
the people working on it. Hence, a method is required which
supports experience-based working and at the same time can
be standardized. The latter is an important key aspect for
having adaptive manufacturing process chains [30] and will be
detailed in the next section.

In conventional CAM planning processes the 3D CAD model
(nominal model) serves as the key input data. However, in
repair applications the actual geometry of the part may no longer
correspond to the nominal model within certain tolerances. For
example deformations of a turbine blade during operation can be
caused by thermal influences. Hence, the CAD model itself is of
limited suitability for the tool path generation for the repair
processes. Using the unchanged CAD model nevertheless as a
basis for CAM, the result would be an undefined material
removal which in turn can lead to an unusable workpiece.

To overcome this problem one commonly used approach is to
measure the real workpiece geometry and create a triangulated
3D part in STL format [31]. Although, the measured data is
suitable for describing the worn-out area and adapting tool paths
(e.g. for the re-contouring process), it is not well-suited for
generating the tool paths in the first place. As investigations
within the research projects TurPro and AdaM by Fraunhofer
Institute for Production Technology (IPT) [9,32] have shown,
this is because of insufficient data quality especially in the worn-
out areas, uncontinuous surfaces resulting in oscillating surface
normals and missing of significant geometry information such
as edge locations. These causes lead to inaccurate or defective
tool paths. Therefore, an approach is needed, which can
leverage measurement data to adapt machining surfaces and
provides appropriate CAD data quality for CAM planning at the
same time.

4. Repair features with function blocks

As shown previously, the existing approaches are not well-
suited to handle repair process chains since measured data is
not directly taken into account and cannot be used as a basis
for CAM process planning. Therefore, this chapter introduces
repair features in combination with function blocks to allow
the use of existing approaches for repair process chains while
introducing adaption through measurement at the same time.

4.1. Repair feature

From a general point of view, repair features are application
features defined for adaptive repair cases. They are always
comprised of a form feature and semantic features, specified by
the repair process chain for a part group like turbine blades. The
particular aspect of the semantic component is that in addition to
e.g. process parameters and tool information for different
production technologies also a model of the adaptive repair
process chain is included. This enables the user to check the
compatibility of the chosen or defined repair feature and the
used process chain during process planning. If one condition is
not fulfilled, the input parameters need to be changed or another
model of the repair process chain needs to be selected.
Furthermore, the semantic feature can be expanded in a very
flexible way and thus used for different repair process chains.
Another characteristic of the repair feature is the different use of
the form feature component. According to the VDI 2218 [19]
definition, form features are used to simplify design processes of
CAD models. In contrast, form features of repair features will be
used to geometrically define the repair case. Consequently, the
geometry of a repair feature marks the surface or volume on
which the repair process chain defined in the semantic part of
the feature is based. Hence, the form feature component does
not permanently become a part of the CAD model. It can be
regarded as an assembly component which modifies the already
existing geometry by means of the repair process chain.
Shah describes manufacturing features to link manufactur-

ing processes to a collection of related geometric elements,
such as holes, slots and pockets [12]. However, unlike
manufacturing features, repair features refer to virtual part
regions. These regions enclose the respective damage (or a
specific aspect of it) but are not necessarily related to any
geometrical aspect of the nominal CAD model. Furthermore,
manufacturing features do not contain any information about a
complete process chain but only define information for a single
manufacturing process
Selecting a repair feature based on the measurement input and

the nominal CAD model allows classifying damages on worn-out
parts in a standardized way. This in turn allows the application of
standardized repair scenarios which is essential for industries
were manufacturing process chains have to be certified. Addi-
tionally, repair features provide CAD like geometries by only
adjusting its simple geometry elements to the damaged part. This
step involves positioning, resizing and adjustment of parameters
according to the measurement data, e.g. point clouds. Hence,
repair features enable conventional CAM programming to be
applied to metrology data containing jitter and measurement
errors. Like manufacturing features, repair features are based on
the ideas of the feature technology which allow extendable
experience-based manufacturing for example by shape compo-
nent, process description, technological methods [29].
Furthermore, in contrast to existing manufacturing features,

repair features shall provide the following: (i) Geometric
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Flexibility, the repair feature must be flexible. This way its
position, dimensions and parameters can be adjusted to the
damaged area. (ii) Classification, by defining the position, size
and parameters of a fitted repair feature the severity of the
damage can be determined. Based on this it can be decided if
the part is repairable or scrap, e.g. in cases where damages are
too big and the integrity of important structures might have
been affected. (iii) Auxiliary Geometries, providing a suitable
shape geometry for planning of the repair process chain by
taking the measurement methods, manufacturing technologies
and CAM technologies into account. (iv) Meta Information,
the repair feature must provide extended meta information to
the repair process chain. This can include required manufac-
turing process technologies, limitations or other information
not contained in the nominal CAD data. For example, the
definition of minimal and maximal angles between adjacent
surfaces to ensure the manufacturability.

Starting point for the development of a repair feature is the
analysis of multiple worn-out parts of the same part family. This
way damage patterns can be determined and classified which in
turn leads to simplified geometries representing the patterns. For
each damage category and its simplified geometry the intended
repair process chain is modeled as a CAx process chain. This
step might be automatically done or partially supported by
CAPP, e.g. by adaptive process planning [33]. However, in any
case it is important to determine the meta information of the
repair feature like required manufacturing processes, process
parameters and limitations on flexibility. It might be necessary
to iteratively improve the simplified geometries in order to
successfully support all intended scenarios. This ensures repair
feature geometries which are independent of the process know-
how and experience from the CAM planner.

Fig. 6 shows an example of a repair feature. It defines a set
of surfaces based on which tool paths can be generated.
Furthermore, meta information like allowed minimum and
maximum angles and the fillet radius between the surfaces are
attached to it. These are indicated in the figure by the angle
1351 and the radius R2. This feature will be explained in more
detail and used in the case study in the next chapter.

Of course the definition of a repair feature potentially may
require a lot of experience in the involved manufacturing processes
as well as the properties of the part. However, having defined a
repair feature will ease the application of repair processes and might
even allow full automation by managing the repair features in a
feature library. Having such self-organizing manufacturing process
chains enable current trends such as the high-tech strategy of the
German government, Industrie 4.0 [34]. This refers to the idea of
devices connected to the internet or other networks (cyber physical
systems) can communicate to each other in order to achieve a higher
degree of automatization in manufacturing [34,35].
4.2. Features for adaptive repair process chains

Having introduced repair features themselves, it is still
undefined how they can be used to program adaptive repair
process chains. Obviously, there are two key questions to be
answered in this regard: (i) Which method allows for modeling of
adaptive repair process chains and supports execution of the
logic? Instances of such a method could be stored in a repair
feature, thus fulfilling the requirements described in the last
section. (ii) How can a repair feature automatically be selected
based on and adapted to the repair case? A solution which
answers this question, combined with the method of (i), would
allow to automatically repair parts based on the measurement data
in a few steps: First, the measurement data needs to analyzed and
based on the result, repair features are selected as defined in the
previous section. Subsequently, the remaining repair features are
adjusted according to the damage and validated to check if no
constraint is violated. Repair features not passing all checks are
not taken into account for further processing. In the next step, the
modeled adaptive repair process chains referred to in the repair
feature are parameterized with the nominal model of the part, the
measurement data and the chosen parameters of the adjusted
repair feature. In the last pre-manufacturing step, the programmed
repair process chains can be simulated and checked for any
errors. Finally, the chosen modeled repair process chain can be
executed on the part to be repaired.
An example of an horizontal manufacturing process chain

for turning the starting material into the finished product is
shown in Fig. 7 which is based on Groover's definition of a
manufacturing process [36]. To do this it applies either the
operation sequence ðA;C;DÞ or ðB;DÞ. This is a realistic use
case as there are typically multiple alternatives to manufacture
one part [37,38]. Generally, the result r of manufacturing
process i can be expressed as a function of a number j of
process parameters pj and of the result of its preceding
manufacturing processes ri�1 [39]:

ri ¼mðp1;…; pj; ri�1Þ
Since a repair process chain is a manufacturing process chain
for repairing parts with a more or less undefined form of the
start material, this view is equally valid in the area of repairs.
Based on this intermediate conclusion, using function blocks
as the solution to both tasks mentioned at the beginning of this
section is proposed.
There are multiple reasons for this proposition: (i) As shown

in Fig. 7, repair process chains are very similar to the concept of
a function block circuit. In this analogy each manufacturing
process can be represented by a function block as each one turns
the input into a corresponding output. Furthermore, process
parameters are equal to the internal variables or can be passed
by data from one function block to the next. (ii) IEC 61499
allows to model in hierarchy levels by means of composite
function blocks. Not only does this concept enable one to reuse
some parts of the model. It also can be seen as an equivalent of
each manufacturing process in an horizontal process chain
requiring a vertical one for tasks like CAM and PP, as defined
in Section 2. (iii) Function blocks provide a standardized way of
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modeling and programming distributed systems as described
previously. (iv) Therefore, they are a good match to the way
adaptive repair process chains are handled today which involves
potentially different and specialized software systems for each
manufacturing step. Each software system can be encapsulated
by function blocks in the way as shown in Fig. 8 [40]. (v) A
valid circuit of function blocks, as a form of domain-specific
modeling, can be executed directly. However, a runtime is
required which acts as an interpreter for the process chain
supplied by the models [41]. (vi) IEC 61499 is easy to learn and
intuitive after a short start-up period [42]. (vii) It is possible for
process chains programmed by function blocks to integrate
human interaction. This can be done by leveraging the runtime
environment which waits at certain points of the model or by
using specialized function blocks which for example show a
dialog to the user.

A function block can react differently based on its internal
variables and the input data. Therefore, it is not only able to adjust
to the current requirements but also influence the subsequent
function blocks by sending out the corresponding event and data.
Consequently, by using function blocks it is possible to integrate
feedback loops and thus adaptivity into repair process chains.
Thus iterating to an acceptable result is possible by using methods
of the previously introduced cascaded control loop. Furthermore,
approaches proposed in literature for handling online and offline
adaptive manufacturing processes can easily be integrated, espe-
cially those itself based on function blocks.

As function blocks allow to encapsulate any logic directly, or
combine several steps to the desired functionality respectively,
selecting the optimal repair feature is possible. This can be done
in different ways but it is important to ensure that only repair
features are considered if they are designed for the current part.
Furthermore, it must only be applied if it can be fitted to the
damage while keeping every parameter in the allowed range. If
multiple repair features meet these criteria, the one should be
selected which keeps the material needed to be removed during
the repair to a minimum. This step may require an experienced
engineering or developer to implement the desired logic. But
once the selection algorithm has been implemented within a
basic function block or by a function block net, it can be used
for multiple parts to be repaired.
Having chosen and fitted a repair feature based on the

available meta information of the repair feature and possibly
existing approaches like CAPP, the repair process chain can be
determined. As described above by representing it within a
connected function block net, the result is executable and can
integrate different CAx systems and machine tools. It can even
contain function blocks selecting further repair features and
starting the adaptive repair process chain over again.

5. A case study

To verify the proposed approach of using repair features
combined with function blocks for execution control, a case
study was performed by Fraunhofer IPT. The use case is based
on experience acquired in the projects Cluster of Innovation
“TurPro” [11] for tip repair of gas-turbine blades and the
Innovation Cluster “AdaM” (Adaptive Production for
Resource Efficiency in Energy Generation and Mobility) [32]
for adaptive repair processes.
Within the projects the requirements for modeling and

programming of adaptive manufacturing process chains for
turbine were defined and the blade repair is based on mea-
surement data. This repair process chain is shown in Fig. 9 and
comprises machine-integrated laser scanning for geometry data
acquisition, blade milling for creating even surfaces to allow
the laser metal deposition for material build-up and re-
contouring by adaptive milling.
The implementation of the CAx process chain is based on

the software platform called “CAx-Framework”, developed by
Fraunhofer IPT within the Fraunhofer Cluster of Innovation



Fig. 10. An example part of a repair process chain based on a repair feature. (a) A model of a damaged turbine blade. (b) Fitted repair feature on damaged leading
edge. (c) Tool path based on the repair feature. (d) Simulated material removal.
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“TurPro” [43], CAM modules created in the projects and on
the established CAx system Siemens PLM NX [15].

In Fig. 10 the repair process chain is shown in more detail up
to the blade milling step. The first sub-figure (a) depicts a model
of the damaged turbine blade. The leading edge of this model
can be seen in a closed-up with the focus on the worn out area
in sub-figure (b). The previously mentioned repair feature has
been fitted based on the measured data and the meta informa-
tion. The angle between its inclined surfaces is controlled by
rule-based parameters which takes constraints of the milling
process into account and ensures an optimal starting point for a
high quality laser surface cladding result. Sub-figure (c) shows a
simplified tool path for milling, calculated based on the repair
feature. The simulated result of this milling process [44,13] is
visualized in the last sub-figure (d). This prepared turbine blade
will then be used in the next repair process steps, laser material
deposition [45,8] and re-contouring (milling).

The simplified model of the use case is shown in Fig. 11. As a
starting mechanism for the event-driven function block system an
user-defined operation within Siemens PLM NX is used: whenever
the user-defined operation is generated an initial event is sent to the
connected function blocks. In this use case, the NX geometry
loader function block is triggered and the turbine blade data is
loaded from the NX CAD assembly [18]. The next function block
which will be activated and analyzes the worn areas of the turbine
blade by using the point cloud from a measurement step.
Subsequently, the information about the worn-out areas are sent
to the next function block for selecting the appropriate repair
feature from a technology database. As mentioned previously, the
two function blocks may need to be customized to the specific part
and damage type. However, once both function blocks are defined
for a damage, like a worn-out leading edge, it might be used for
most other turbine blades as well.
The selected adaptive repair process chain from the technol-

ogy database is parameterized and an event is sent to it to
execute it. Associated with the event, all the required data is
provided. In this use case the milling function block encapsu-
lated NX milling functionality and the laser cladding function
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block was designed to use the CAM module created within
TurPro. The result was then passed on to the next function
block for further processing.

This process chain was able to successfully restore the original
contour and thus repairing the airfoil. Hence, this use case
showed that adaptive repair process chains can be programmed
by using repair features and function blocks as proposed.

6. Conclusion

Repair features in combination with function blocks allow
established approaches for modeling and programming being
applied to adaptive repair process chains. This is because
having geometry features is an established starting point for
many CAx planning processes. Furthermore, the introduction
of repair features provides a way to generate high-quality
machining tool paths since they are not directly calculated
based on the measured surfaces but on the nominal CAD
model and analytical auxiliary geometries. By maintaining a
library of repair features workers can save manual work by
having a standardized way to handle repair processes. This
approach is especially valuable in industries required to
comply with compulsory quality requirements. Only in the
case of new damage types or completely new parts having to
be repaired it might be necessary to define new repair features.

Conflict of interest

The authors declare no conflict of interest associated with
this manuscript.

Acknowledgments

The authors would like to thank the state government of
North Rhine Westphalia and the Fraunhofer Gesellschaft für
angewandte Forschung e.V., who provided the financial
support of the work presented here in the innovation clusters
“Turpro” and “AdaM” (contract number 332-8.04.09.02.02/
11-57448 and PRO/0042).

References

[1] Gao J, Chen X, Yilmaz O, Gindy N. An integrated adaptive repair
solution for complex aerospace components through geometry recon-
struction. The International Journal of Advanced Manufacturing Tech-
nology 2008;36(11–12)1170–9.

[2] Bremer C. Adaptive Bearbeitung für die Überholung von Umformwerk-
zeugen und Turbinenkomponenten, Spanende Fertigung: Prozesse, Inno-
vationen, Werkstoffe, vol. 4, Vulkan-Verlag GmbH, Essen; 2005; p. 496–
504.

[3] Werner A. Verschleißphänomene im Flugtriebwerksbau. Technikberichte,
〈http://www.mtu.de/de/technologies/engineering_news/others/Werner_
Verschleissphaenomene_im_Flugtriebwerksbau_de.pdf (Cited 2 Juni
2013).

[4] Browne J, Dubois D, Rathmill K, Sethi SP, Stecke KE. Classification of
flexible manufacturing systems. The FMS Magazine 1984;2(2)114–7.

[5] Sethi AK, Sethi SP. Flexibility in manufacturing: a survey. International
Journal of Flexible Manufacturing Systems 1990;2(4)289–328.

[6] Kusiak A. Flexible manufacturing systems: a structural approach.
International Journal of Production Research 1985;23(6)1057–73.
[7] Vollertsen F, Hu Z, Niehoff HS, Theiler C. State of the art in micro
forming and investigations into micro deep drawing. Journal of Materials
Processing Technology 2004;151(1)70–9.

[8] Qi H, Azer M, Singh P. Adaptive toolpath deposition method for laser net
shape manufacturing and repair of turbine compressor airfoils. The
International Journal of Advanced Manufacturing Technology 2010;48
(1–4)121–31.

[9] TurPro, CAx-Framework—Fraunhofer-Innovationscluster TurPro, 〈http://
www.turpro.de/de/projekt/cax〉(Cited 28 April 2013).

[10] Vajna S, Weber C, Bley H, Zeman K. CAx für Ingenieure, vol. 1. Berlin
Heidelberg: Springer; 2009.

[11] Altmüller S, Bergs T, Börsch W, Jelich C, Klocke F, Kriegl B,
Murtezaoglu Y, Siebenwurst C, Witty M. Beherrschung adaptiver
Prozessketten. In: Wettbewerbsfaktor Produktionstechnik, Aachener Per-
spektiven, Aachener Werkzeugmaschinen-Kolloquium, Shaker, Aachen;
2011; p. 405–22.

[12] Shah JJ. Parametric and feature-based CAD/CAM: concepts, techniques,
and applications. New York: John Wiley & Sons; 1995.

[13] Hehenberger P. Computerunterstützte Fertigung, Eine kompakte Einfüh-
rung. Heidelberg, Dordrecht, London, New York: Springer; 2011.

[14] Lehner F. Wissensmanagement: Grundlagen, Methoden und technische
Unterstützung, 4th ed., Carl Hanser Verlag GmbH Co KG; 2012.

[15] Siemens PLM Software, NX: Siemens PLM Software, 〈http://www.plm.
automation.siemens.com/products/nx/〉(Cited 03.12.14).

[16] Xu Y, Brennan RW, Zhang X, Norrie DH. A reconfigurable concurrent
function block model and its implementation in real-time Java. Integrated
Computer-Aided Engineering 2002;9(3)263–79.

[17] Wang H, Xu X, Tedford JD. An adaptable CNC system based on STEP-
NC and function blocks. International Journal of Production Research
2007;45(17)3809–29.

[18] Klocke F, Spöcker G, Huwer T, Bobek T, Arntz K. Reducing data loss
within adaptive process chains in the context of commonly used CAx
systems. Production Engineering 2015;9(3)307–16.

[19] VDI Richtlinie 2218. Information technology in product development,
Feature-Technology; March 2003.

[20] Xu X, Wang L, Newman ST. Computer-aided process planning—a
critical review of recent developments and future trends. International
Journal of Computer Integrated Manufacturing 2011;24(1)1–31.

[21] ISO 14649–1. Industrial automation systems and integration—physical
device control—data model for computerized numerical controllers—part
1: overview and fundamental principles, International Organization for
Standardization 2003.

[22] Laguionie R, Rauch M, Hascoët, J-Y, et al. Toolpaths programming in
an intelligent STEP-NC manufacturing context. Journal of Machine
Engineering 2008;8(1)33–43.

[23] Brecher C, Vitr M, Wolf J. Closed-loop CAPP/CAM/CNC process chain
based on STEP and STEP-NC inspection tasks. International Journal of
Computer Integrated Manufacturing 2006;19(6)570–80.

[24] Rauch M, Laguionie R, Hascoet J-Y, Suh S-H. An advanced STEP-NC
controller for intelligent machining processes. Robotics and Computer-
Integrated Manufacturing 2012;28(3)375–84.

[25] International Electrotechnical Commission, IEC 61499–1. Function
Blocks—Part 1 Architecture 2005.

[26] Shen W, Wang L, Hao Q. Agent-based distributed manufacturing process
planning and scheduling: a state-of-the-art survey. Systems, Man, and Cybernetics,
Part C: Applications and Reviews, IEEE Transactions on 2006;36(4)563–77.

[27] Tutsch R. Fertigungsmesstechnik. Handbuch der Mess- und Automati-
sierungstechnik in der Produktion. Berlin Heidelberg: Springer; 199–362.

[28] Yao S. Computer-aided manufacturing planning (CAMP) of mass
customization for non-rotational part production [Ph.D. thesis]. Worcester
Polytechnic Institute 2003.

[29] Nestler A. Erfahrungsbasierte Fertigungs- und Bearbeitungs-Feature. In:
Forschungsergebnisbericht der TU Dresden; 1999; p. 1–8.

[30] Westkämper E. New trends in production. Reconfigurable manufacturing
systems and transformable factories. Berlin Heidelberg: Springer; 15–26.

[31] 3D Systems Inc. Stereolithography interface specification; June 1989.
[32] AdaM. Innovation Cluster AdaM. 〈http://www.innovationscluster-adam.

de/en.html〉[Cited 03.12.14].

http://refhub.elsevier.com/S2288-4300(15)00061-5/sbref1
http://refhub.elsevier.com/S2288-4300(15)00061-5/sbref1
http://refhub.elsevier.com/S2288-4300(15)00061-5/sbref1
http://refhub.elsevier.com/S2288-4300(15)00061-5/sbref1
http://www.mtu.de/de/technologies/engineering_news/others/Werner_Verschleissphaenomene_im_Flugtriebwerksbau_de.pdf
http://www.mtu.de/de/technologies/engineering_news/others/Werner_Verschleissphaenomene_im_Flugtriebwerksbau_de.pdf
http://refhub.elsevier.com/S2288-4300(15)00061-5/sbref4
http://refhub.elsevier.com/S2288-4300(15)00061-5/sbref4
http://refhub.elsevier.com/S2288-4300(15)00061-5/sbref5
http://refhub.elsevier.com/S2288-4300(15)00061-5/sbref5
http://refhub.elsevier.com/S2288-4300(15)00061-5/sbref6
http://refhub.elsevier.com/S2288-4300(15)00061-5/sbref6
http://refhub.elsevier.com/S2288-4300(15)00061-5/sbref7
http://refhub.elsevier.com/S2288-4300(15)00061-5/sbref7
http://refhub.elsevier.com/S2288-4300(15)00061-5/sbref7
http://refhub.elsevier.com/S2288-4300(15)00061-5/sbref8
http://refhub.elsevier.com/S2288-4300(15)00061-5/sbref8
http://refhub.elsevier.com/S2288-4300(15)00061-5/sbref8
http://refhub.elsevier.com/S2288-4300(15)00061-5/sbref8
http://www.turpro.de/de/projekt/cax
http://www.turpro.de/de/projekt/cax
http://refhub.elsevier.com/S2288-4300(15)00061-5/sbref10
http://refhub.elsevier.com/S2288-4300(15)00061-5/sbref10
http://refhub.elsevier.com/S2288-4300(15)00061-5/sbref12
http://refhub.elsevier.com/S2288-4300(15)00061-5/sbref12
http://refhub.elsevier.com/S2288-4300(15)00061-5/sbref12
http://refhub.elsevier.com/S2288-4300(15)00061-5/sbref13
http://refhub.elsevier.com/S2288-4300(15)00061-5/sbref13
http://www.plm.automation.siemens.com/products/nx/
http://www.plm.automation.siemens.com/products/nx/
http://refhub.elsevier.com/S2288-4300(15)00061-5/sbref16
http://refhub.elsevier.com/S2288-4300(15)00061-5/sbref16
http://refhub.elsevier.com/S2288-4300(15)00061-5/sbref16
http://refhub.elsevier.com/S2288-4300(15)00061-5/sbref17
http://refhub.elsevier.com/S2288-4300(15)00061-5/sbref17
http://refhub.elsevier.com/S2288-4300(15)00061-5/sbref17
http://refhub.elsevier.com/S2288-4300(15)00061-5/sbref18
http://refhub.elsevier.com/S2288-4300(15)00061-5/sbref18
http://refhub.elsevier.com/S2288-4300(15)00061-5/sbref18
http://refhub.elsevier.com/S2288-4300(15)00061-5/sbref20
http://refhub.elsevier.com/S2288-4300(15)00061-5/sbref20
http://refhub.elsevier.com/S2288-4300(15)00061-5/sbref20
http://refhub.elsevier.com/S2288-4300(15)00061-5/sbref22
http://refhub.elsevier.com/S2288-4300(15)00061-5/sbref22
http://refhub.elsevier.com/S2288-4300(15)00061-5/sbref22
http://refhub.elsevier.com/S2288-4300(15)00061-5/sbref23
http://refhub.elsevier.com/S2288-4300(15)00061-5/sbref23
http://refhub.elsevier.com/S2288-4300(15)00061-5/sbref23
http://refhub.elsevier.com/S2288-4300(15)00061-5/sbref24
http://refhub.elsevier.com/S2288-4300(15)00061-5/sbref24
http://refhub.elsevier.com/S2288-4300(15)00061-5/sbref24
http://refhub.elsevier.com/S2288-4300(15)00061-5/sbref26
http://refhub.elsevier.com/S2288-4300(15)00061-5/sbref26
http://refhub.elsevier.com/S2288-4300(15)00061-5/sbref26
http://refhub.elsevier.com/S2288-4300(15)00061-5/sbref27
http://refhub.elsevier.com/S2288-4300(15)00061-5/sbref27
http://refhub.elsevier.com/S2288-4300(15)00061-5/sbref30
http://refhub.elsevier.com/S2288-4300(15)00061-5/sbref30
http://www.innovationscluster-adam.de/en.html
http://www.innovationscluster-adam.de/en.html


G. Spöcker et al. / Journal of Computational Design and Engineering 3 (2016) 53–6262
[33] Denkena B, Lorenzen L-E, Schmidt J. Adaptive process planning.
Production Engineering 2012;6(1)55–67.

[34] Sendler U. Industrie 4.0—Beherrschung der industriellen Komplexität
mit SysLM (Systems Lifecycle Management). In: Industrie 4.0, Xpert.
press, Springer, Berlin, Heidelberg; 2013; p. 1–19.

[35] Yao S, Han X, Yang Y, Rong YK, Huang S, Yen D, Zhang G.
Computer-aided manufacturing planning for mass customization, frame-
work. The International Journal of Advanced Manufacturing Technology

2007;32(1–2)194–204.
[36] Groover MP. Fundamentals of modern manufacturing: materials, pro-

cesses, and systems, 4th ed., New Jersey: John Wiley & Sons; 2010.
[37] Yang Z, Qiao L, Jiang L. Improving the performances of part dispatching

based on multiple process plans using graph theory. International Journal
of Production Research 1998;36(7)1987–2003.

[38] Surmann T. Geometrisch-physikalische Simulation der Prozessdynamik
für das fünfachsige Fräsen von Freiformflächen [Ph.D. thesis]. Universität
Dortmund; 2006.

[39] Denkena B, Henning H, Henjes J. Model-Based dimensioning of multi-
stage processes regarding multiple criteria. In: Proceedings of the 6th
CIRP-Sponsored International Conference on Digital Enterprise Technol-
ogy. 2010; Springer; p. 1043–56.

[40] Wang XV, Xu XW. DIMP: an interoperable solution for software
integration and product data exchange. Enterprise Information Systems
2012;6(3)291–314.

[41] Kelly S, Tolvanen J-P. Domain-specific modeling enabling full code
generation. New Jersey: John Wiley & Sons; 2008.

[42] Vyatkin V. IEC 61499 as enabler of distributed and intelligent automa-
tion: state-of-the-art review. IEEE Transactions on Industrial Informatics
2011;7(4)768–81.

[43] Spöcker G, Bobek T, Glasmacher L, Klocke F. Towards a CAx-
framework for adaptive programming using generic process blocks for
manufacturing. In: New Production Technologies in Aerospace Industry,
Proceedings of the 4th Machining Innovations Conference, Hannover,
September 2013, Lecture Notes in Production Engineering, Springer;
2014; p. 153–62.

[44] Klocke F. Manufacturing processes 1: cutting. Heidelberg, Dordrecht,
London, New York: Springer; 2011.

[45] Toyserkani E, Khajepour A, Corbin SF. Laser cladding. Boca Raton,
Florida: CRC Press; 2010.

http://refhub.elsevier.com/S2288-4300(15)00061-5/sbref33
http://refhub.elsevier.com/S2288-4300(15)00061-5/sbref33
http://refhub.elsevier.com/S2288-4300(15)00061-5/sbref35
http://refhub.elsevier.com/S2288-4300(15)00061-5/sbref35
http://refhub.elsevier.com/S2288-4300(15)00061-5/sbref35
http://refhub.elsevier.com/S2288-4300(15)00061-5/sbref35
http://refhub.elsevier.com/S2288-4300(15)00061-5/sbref36
http://refhub.elsevier.com/S2288-4300(15)00061-5/sbref36
http://refhub.elsevier.com/S2288-4300(15)00061-5/sbref36
http://refhub.elsevier.com/S2288-4300(15)00061-5/sbref37
http://refhub.elsevier.com/S2288-4300(15)00061-5/sbref37
http://refhub.elsevier.com/S2288-4300(15)00061-5/sbref37
http://refhub.elsevier.com/S2288-4300(15)00061-5/sbref40
http://refhub.elsevier.com/S2288-4300(15)00061-5/sbref40
http://refhub.elsevier.com/S2288-4300(15)00061-5/sbref40
http://refhub.elsevier.com/S2288-4300(15)00061-5/sbref41
http://refhub.elsevier.com/S2288-4300(15)00061-5/sbref41
http://refhub.elsevier.com/S2288-4300(15)00061-5/sbref41
http://refhub.elsevier.com/S2288-4300(15)00061-5/sbref42
http://refhub.elsevier.com/S2288-4300(15)00061-5/sbref42
http://refhub.elsevier.com/S2288-4300(15)00061-5/sbref42
http://refhub.elsevier.com/S2288-4300(15)00061-5/sbref44
http://refhub.elsevier.com/S2288-4300(15)00061-5/sbref44
http://refhub.elsevier.com/S2288-4300(15)00061-5/sbref45
http://refhub.elsevier.com/S2288-4300(15)00061-5/sbref45

	Programming of adaptive repair process chains using repair features and function blocks
	Introduction
	Fundamentals and state of the art
	Flexibility in manufacturing process chains
	Features
	Handling adaptive manufacturing process chains

	Adaptive manufacturing process chains
	Repair features with function blocks
	Repair feature
	Features for adaptive repair process chains

	A case study
	Conclusion
	Conflict of interest
	Acknowledgments
	References




