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Abstract
A variety of factors are forcing companies to change their products and the components these products are composed of. 
Examples of current factors are changing customer requirements, product optimizations or ever-shorter product lifecycles. 
These component changes, particularly in safety–critical components in the medical and aerospace industry, pose great chal-
lenges and are limited in scope. The challenges and limitations arise from the high costs and the amount of time involved in 
component recertification as required by law, as well as revalidations of the manufacturing after a change has been imple-
mented. Some component changes are even mandatory. In this case there are no options for reducing recertification efforts by 
choosing between different design changes. In contrast, there are alternative manufacturing options with which to implement 
the prescribed component changes that can reduce the amount of revalidation required on the manufacturing side. Due to the 
fact that changes to the manufacture of safety–critical components require validation, the existence of alternative manufactur-
ing changes offers the potential to save time and money by selecting the best-suited alternative. In order to be able to select 
the best-suited alternative, all alternative manufacturing changes must be known, which poses a challenge for technology 
planners dealing with the complex manufacture of safety–critical components. Therefore, a methodology is introduced to 
support technology planners in identify alternative manufacturing changes with which to implement scope-restricted changes 
to safety–critical components. The methodology is validated by applying it to a case study from the medical industry.

Keywords Technology planning · Manufacturing change management · Aerospace · Medical industry · Manufacturing 
adaptation · Safety–critical

1 Introduction

Ongoing developments such as ever-shorter product life-
cycles [1], the dynamization of market needs and product 
optimization demands [2] are forcing today’s manufactur-
ing companies to redesign their products, thereby changing 
the components that comprise the products ever more fre-
quently. Component changes are not only an issue during 
the product development phase but also after market entry 
[3]. In order to implement a component change after mar-
ket entry, the existing manufacture must also be changed. 
In the following, changes to an established manufacture 

are referred to as manufacturing changes (MCs) (cf [4].). 
Manufacturing changes for the implementation of compo-
nent changes after market entry pose a particular challenge 
when manufacturing safety–critical components for the 
medical technology and aerospace industries. This chal-
lenge arises from the validation processes which compa-
nies are legally required to perform after changing the 
manufacture of medical technology [5] and aerospace [6] 
components. This validation currently poses a challenge, 
particularly for medical products, since a new and more 
strict Medical Device Regulation (cf [7]) will replace the 
current Medical Device Directive (cf [8]). Within the 
new regulation, more products are categorized in high-
risk categories, increasing the effort required for valida-
tion after changing their manufacturing processes. Since 
the required validation effort varies from MC to MC, it 
becomes an additional criterion to take into account when 
selecting an MC for a given component change. However, 
before the most suitable MC can be selected, all alternative 
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MCs must be identified in order to form the correct basis 
for decision making [9]. The manufacture of safety–critical 
components is usually characterized by a high degree of 
complexity and a multitude of interdependencies between 
the components and the manufacturing processes. The sys-
tematic identification of alternative MCs for safety–critical 
components therefore poses a scientific challenge, which is 
addressed by the methodology introduced here.

The economic relevance of this research lies in the 
high cost and time efforts of recertification and revali-
dation processes. E.g., changing the geometry of a cut-
ting tool for turning an aero engine component could cost 
around €135 k just for the revalidation [10]. The design 
and redesign [11] as well as requirements [12] and cer-
tifications [13] of medical products have already been 
addressed extensively by researchers. However, changes in 
the manufacturing of medical products have not yet been 
adequately discussed. Identifying an alternative Manufac-
turing Change, capable of implementing the required com-
ponent change (e.g. adjusting process parameters such as 
cutting speed or feed rate), which may already be included 
in the existing certification, can drastically reduce revali-
dation costs for the manufacture. In the case of medical 
technology, the systematic identification of alternative 
MCs represents economic optimization potential. Changes 
to the manufacture must be presented to a legal entity, 
which decides to what extent revalidation is required—
from a small change in the documentation to revalidation 
of the entire process chain. Therefore, by considering the 
relevant aspects of revalidation while identifying alterna-
tive MCs has the potential to keep revalidation effort to a 
minimum.

The reference frame for the conducted research and 
the application of the developed methodology is defined 
by process chains and components. Process chains are 
referred to as sequences of directly value-adding manu-
facturing processes carried out on defined means of pro-
duction [14]. Therefore, manufacturing changes describe 
adaptations to manufacturing processes such as a change 
in parameters or tools as well as modifications to process 
chains such as substitute processes or extended process 
chains. Component changes are referred to as quantita-
tive changes of component characteristics, e.g. roughness, 
length, radius or evenness.

In the following, the state of research regarding the iden-
tification of manufacturing changes is presented and the 
research gap is identified. Later, the methodology for the 
identification of manufacturing changes for safety–criti-
cal components is presented and validated by applying it 
to a case study from medical technology, according to the 
regulations [15]. In conclusion, a summary of the presented 
research findings and an outlook on future research activi-
ties are given.

2  State of research 
regarding the identification of alternative 
manufacturing changes

To capture the state of research for the identification of 
alternative manufacturing changes for safety–critical 
components, the research fields Technology Planning 
und Manufacturing Change Management (MCM) were 
examined. Technology Planning deals with the analysis 
of a component, identification of sufficient manufacturing 
processes and the generation of process chains to manufac-
ture the component (cf [16]). Manufacturing Change Man-
agement originates from the more established Engineer-
ing Change Management and focuses on the planning of 
alterations to a factory [4]. Since a variety of publications 
exists in both fields, only the most relevant ones will be 
mentioned subsequently. However, the conclusion drawn 
from the literature review at the end of this also takes 
approaches into account that are not mentioned explicitly. 
The current state of research was examined with regard 
to three criteria. The first criterion is the reference frame. 
Since the aim of the presented methodology is to iden-
tify MCs for changes of component characteristics such 
as roughness, diameter or evenness, the reference frame 
must include components and their characteristics. In addi-
tion, the reference frame must cover process chains and 
the manufacturing processes they are composed of, since 
a component change can be implemented by adapting dif-
ferent processes or combinations. The second criterion is 
the existence of a systematic procedure to identify alterna-
tive MCs, since the whole procedure must be documented 
extensively and coherently to present it to a legalized 
agency for revalidation. The third criterion was the con-
sideration of validation effort involved when implementing 
a component change.

Within Technology Planning, Klocke et al. developed 
a methodology for the integrative design of production 
process and inspection sequences for medical devices. The 
methodology’s reference frame covers component charac-
teristics and process chains, and can be used to identify 
MCs by generating new process chains for the changed 
component and comparing them with the existing process 
chain. Although this represents a systematic procedure, 
the effort involved in generating completely new process 
chains to identify alternative MCs is excessively high. 
Validation efforts are not taken into account [17]. Similar 
approaches with a different focus but the same deficits 
for the identification of alternative MCs for safety–critical 
components were developed by Müller [18] and Schindler 
[19]. Another methodology taking into account the exist-
ence of an established process chain was developed by 
Denkena et al. The methodology supports the integrative 
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production planning process in highly dynamic environ-
ments and considers components as well as process chains 
within its reference frame [20]. However, the methodology 
does not describe a systematic procedure for identifying 
alternative MCs, and does not cover the validation effort. 
Additionally, the methodology’s focus lies on flexibility, 
which is not a dominant target dimension for the manu-
facture of safety–critical components. Another approach 
featuring the same deficits was developed by Jacob et al., 
focusing on the parallel planning of product design and 
process optimization [21]. Comprehensively, Technology 
Planning approaches can generally be used to identify 
MCs and often cover the intended reference frame. How-
ever, the effort required to apply these approaches to the 
identification of alternative MCs is disproportionate due 
to their different objectives and the lack of consideration 
of validation. Therefore, they cannot be applied to solve 
the stated problem in an efficient manner (see Sect. 1), 
but they do serve as a basis for the development of the 
approach presented here.

In the field of Manufacturing Change Management, Koch 
developed an MCM context model [4] and an MCM refer-
ence process [22], which enable scientists to locate their 
research within MCM. Since the context model’s objective 
is to provide a framework, its level of detail is too low for 
the identification of MCs. A more detailed approach was 
developed by Malak and Aurich, who presented a method-
ology for planning technical changes in production systems 
[23]. The methodology includes a systematic procedure to 
identify MCs, but with the reference frame of entire fac-
tories. Therefore, the detailed consideration of component 
characteristics and manufacturing processes is not part of 
the methodology. Validation efforts are not considered. 
Approaches with similar attributes were developed by Plehn 
[24] and Cichos et al. [25]. An approach considering com-
ponent characteristics and offering a systematic procedure 
to identify MCs was developed by Karl et al. [26]. How-
ever, the approach is only applicable to single manufactur-
ing processes, not to process chains, and does not consider 
validation. Another approach to identifying MCs for single 
manufacturing processes was developed by Hoang et al. 
[27]. Marks et al. extended this approach by an agent-based 
decision support system [28]. Conclusively, approaches from 
MCM do provide frameworks for a systematic procedure 
to identify alternative MCs. However, they do not consider 
validation and either cover too unspecific reference frames 
(whole factories) or the reference frame is too limited (sin-
gle manufacturing process) in order to identify alternative 
adaptations of process chains for implementing changes to 
a safety–critical component’s characteristics.

In addition to the approaches discussed above, further 
research was carried out into the certification of medi-
cal product designs from an engineering perspective (e.g. 

[29]). Particularly the Quality by Design (QbD, cf [30]) 
approach has become a subject of increasing interest for 
the design and manufacture of medical products [31]. 
Although these approaches represent major contributions 
for the design and manufacture of safety–critical compo-
nents as addressed in this publication, they cannot be used 
to identify cost-optimized manufacturing changes in order 
to implement the required component change. They are 
applied in the earlier phase of component redesign, repre-
senting the input for the methodology introduced here. An 
overview of the problem statement and the presented solu-
tion approach is given in Fig. 1. 

Bearing these research deficits in mind, the objective of 
the research conducted here was to develop a methodol-
ogy for the systematic identification of alternative MCs 
for safety–critical components, that takes validation into 
account. The reference frame included process chains and 
components characteristics. The potential of the method-
ology introduced here to innovate is represented by the 
reduction of costs and time required to identify MCs and 
to recertify the changed manufacturing processes. There-
fore, a systematic procedure that integrates recertifica-
tion-relevant aspects into the process of identifying MCs 
is provided for the first time. The methodology enables 
technology planners to systematically identify a cost-
optimized solution for implementing a required change to 
a safety–critical component. The intention of the devel-
oped methodology was firstly introduced in [9] as part of 
a broader concept for the general management of manufac-
turing changes for safety–critical components. However, 
no details about the identification of MCs were given in 
the concept and further research was required, hinder-
ing its application and making it necessary to thoroughly 
explain the identification of MCs within this publication.

Problem statement

Too broad 
/ narrow

Not 
considered

Non-
existent

Solution approach

Methodology for the Identification of Alternative 
Manufacturing Changes for Safety-Critical Components

Reference 
frame

Systematic 
procedure

Consideration 
of recertification

Cost-
optimized

MC

Fig. 1  Problem statement and solution approach
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3  Methodology

The initial situation for the methodology’s application, 
its conceptual design and the case study for its validation 
are introduced in the following section. The steps of the 
methodology are then presented in detail and applied to 
the case study. The initial situation, the conceptual design 
and the case study are depicted in Fig. 2.

The initial situation for the application of the developed 
methodology arises when a specific component character-
istic must be changed. The component is already certified 
and manufactured via an established and validated process 
chain. The task at hand is to identify alternative manufac-
turing changes in the established process chain with which 
to implement the required change in the component char-
acteristic. The conceptual design of the developed meth-
odology therefore consists of three steps. In the first step, 
interdependencies within the component’s manufacturing 
process chain are modeled. This model is used in step two 
to identify process steps which are potentially adaptable to 
implement the change in the component characteristic. In 
step three, specific manufacturing changes (e.g. parameter 
adjustment, tool change, machine substitution) are gener-
ated for the identified process step. The steps involved in 
the methodology are explained in detail in the following 
subsections, and they are applied to a case study for the 
purposes of explanation and validation. For the case study, 
the manufacture of a lower pump housing (component) 
for a left ventricular assist device (LVAD) is studied. The 
LVAD is implanted in weakened human hearts to support 
the blood circulation and extend the waiting time for a 

donor heart. The validated process chain for the manufac-
ture of LVADs is simplified to processes milling, drilling 
and drag grinding. The required characteristic change (ini-
tial situation) for the case study is a reduction in rough-
ness Ra from 0.1 to 0.08 µm within the blood channel of 
the lower pump housing. For reasons of clarity, a limited 
number of characteristics of the lower pump housing will 
be considered in the following.

3.1  Modeling the established manufacturing 
process chain

The first step of the methodology involves modeling the 
interdependencies between the process chain and the manu-
factured component. The resulting model forms the basis 
for identifying adaptable process steps. A Multiple Domain 
Matrix (MDM) according to Eppinger et al. is applied (cf 
[32]) to create the model. The MDM consists of rows and 
columns for every characteristic of the considered compo-
nent as well as for every process step within the established 
process chain. Characteristics are assigned to features, which 
are defined as information carriers that refer to geometric or 
other attributes of the component and can be used to plan 
the development or production of a component (e.g. blood 
channel, joining surface) [33]. Process steps are different 
manufacturing tasks carried out in a single manufacturing 
process (e.g. roughing and finishing during milling) [34]. A 
binary representation of interdependencies is used within 
the MDM to account for the required detail of information 
in the methodology’s next steps and the increasing effort 
involved in acquiring more detailed but not prerequisite 
information. In addition, a binary representation makes it 

Fig. 2  Initial situation, case study and conceptual design of the methodology
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possible to process the matrix on a computer, which will 
improve the methodology’s industrial applicability in 
future research. The application of MDMs to model inter-
dependencies within manufacturing was first presented by 
Hoang et al., who used an MDM to model interdependen-
cies between a process, resources and a product for single 
mechatronic systems [35]. A simplified MDM for the LVAD 
is depicted in Fig. 3 and will be used as a reference for fur-
ther explanations. Since the process chain to be modeled is 
already established, information about interdependencies are 
potentially known or can be collected by analyzing existing 
data such as information about characteristic values from a 
quality management system or measurement protocols. In 
addition, information can be acquired from expert interviews 
or a literature search. Since the information about existing 
interdependencies forms the basis for the further applica-
tion of the methodology, this step must be performed in a 
considered manner. If the information contains uncertainties 
(e.g. expert interviews), approaches for handling information 
uncertainties such as [36] can be used.

After the MDM was set up, interdependencies between 
characteristics (C → C) are identified in the upper left area 
of the MDM (cf. Fig. 3 (1)). C → C interdependencies exist, 
if characteristics are related to one another and the value 
of one characteristic may change depending on the other. 
An example of such interdependencies is the relationship 

between surface roughness and hardness. If surface rough-
ness increases, roughness peaks are less resistant to plastic 
deformation and lower hardness values are measured [37]. 
If a change in the row’s characteristic results in a change of 
the column’s characteristic, a “1” is assigned to the MDM’s 
cell connecting the characteristics. Although C → C inter-
dependencies are not relevant for the identification of MCs, 
they are considered in order to produce a holistic model, 
which is needed for the analysis of change propagation in 
later steps following the identification of MCs described 
in this article. The second type of interdependencies to 
be modeled in the MDM’s upper right area exist between 
characteristics and process steps (C → P, cf. Fig. 3 (2)). 
C → P interdependencies describe the relationship between 
the input and output characteristics of a process step. If the 
process step remains unaltered and a change in the value of 
an input characteristic leads to a change in the characteris-
tic’s output value, a C → P interdependency exists between 
the characteristic and the process step. In this case, a “1” is 
assigned to the cell connecting the characteristic (row) and 
the process step (column). The interdependency between 
the blood channel’s surface roughness and the drag grinding 
process serves as an example, since a higher input surface 
roughness results in a higher output surface roughness after 
the drag grinding process, if it remains unaltered. The third 
type of interdependency is modeled in the MDM’s lower left 
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area and describes the influence of process steps on charac-
teristics (P → C, cf. Fig. 3 (3)). P → C interdependencies 
are the most common ones and exist if a process step influ-
ences a characteristic during the manufacturing process, e.g. 
roughing, finishing and drag grinding influence the blood 
channel’s surface roughness. An existing P → C interde-
pendency is modeled by assigning a “1” to the correspond-
ing cell. The last type of interdependencies exists between 
process steps and is modeled in the MDM’s lower right area 
(P → P, cf. Fig. 3 (4)). P → P interdependencies describe a 
relationship between two process steps that force both steps 
to be adapted, although the intention was to only adapt 
one. An exemplary P → P interdependency exists between 
the drilling and the boring process steps, since a change 
in drilling (e.g. tool with greater diameter) would lead to 
a forced change of the boring process in order to keep its 
process condition (depth of cut, cutting force,…) unaltered. 
An existing P → P interdependency between two process 
steps is indicated by a “1” in the corresponding MDM’s cell. 
P → P interdependencies are particularly important in the 
manufacture of safety–critical components, since a change 
in process conditions requires coordination with legal agen-
cies to maintain validation, even though no characteristic is 
influenced by the changed process conditions. Therefore, 
P → P interdependencies cannot be defined as combinations 
of P  → C and C → P interdependencies, since a combi-
nation would only show an existing interdependency if a 
change in a component characteristic is present, regardless 
of a change in process conditions.

Having modeled the four types of interdependencies 
using the MDM, the model is used to identify adaptable 
process steps. Meanwhile, the MDM’s advantage over alter-
native approaches for modeling manufacturing interdepend-
encies (cf [38]) comes into effect. This advantage lies in 
the structured and computable processing of manufacturing 
interdependencies, which makes it possible to automatically 
identify adaptable process steps.

3.2  Identifying adaptable process steps

The second step of the methodology deals with the auto-
matic identification of adaptable process steps with which 
to implement the required change in a component char-
acteristic (decreasing the blood channel’s surface rough-
ness). Therefore, the MDM model is combined with an 
algorithmic procedure, which processes the MDM mod-
el’s rows, columns and cells to identify adaptable process 
steps. The procedure is separated into four sub-procedures. 
First, the process steps generally influencing the consid-
ered characteristic are identified. This set of process steps 
is then reduced by excluding the process steps that do not 
influence the characteristic’s final value after the last pro-
cess of the process chain. In the third sub-procedure, the 

remaining process steps are analyzed for combination con-
straints. Finally, the identified process steps are checked 
for their ability to change the considered characteristic 
to the required extent. Since the procedure for the auto-
mated identification of adaptable process steps consists of 
a variety of if-else statements and is supposed to be imple-
mented in a software program, it is depicted in Figs. 4, 5, 
6, 7 using flowcharts according to ISO5807 (cf [39]). Due 
to the high individuality of the methodology’s applica-
tion cases, it is not possible to automatically identify the 
adaptable process steps in a generic methodology with-
out further input of practitioners. This challenge is taken 
into account by including user prompts in the flowcharts, 
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allowing for the consideration of application specific 
circumstances.

In the first sub-procedure (cf. Fig. 4), the column of the 
changed characteristic is scanned for “1”s in the MDM’s 
P → C area (cf. Fig. 3) in order to identify process steps 
that influence the characteristic during manufacture. These 
process steps are added to a list (process step list (PSL)) in a 
sequenced manner. For the case study and the given MDM, 
the process steps roughing (milling), finishing (milling) and 
drag grinding were identified to influence the surface rough-
ness of the blood channel.

The second sub-procedure (cf. Fig. 5) reduces the pro-
cess steps from the PSL to the ones capable of influencing 
the characteristic’s final state. This is done by considering 
the C → P interdependencies. If a characteristic prior to a 
process step in the PSL has no influence on the characteris-
tic after the process step, all process steps of the PSL prior 
to this process step have no influence on the characteris-
tic’s final value at the end of the process chain. This only 
applies for process steps generally influencing the charac-
teristic (listed in the PSL). Therefore, the process steps in 
the PSL are analyzed from bottom to top for C → P inter-
dependencies. For example, if the value of the considered 

characteristic before the last process step influencing the 
characteristic has no influence on the value of the charac-
teristic after the last process step, only this last process step 
of the process chain has the capability to influence the char-
acteristic’s final state. Since there is a C → P interdepend-
ency between the blood channel’s surface roughness and 
the drag grinding process step (cf. Fig. 3), the finishing pro-
cess step prior to drag grinding is capable of influencing the 
final value of the surface roughness. In contrast, there is no 
C → P interdependency between the surface roughness and 
the finishing process step, revealing that any modification 
to the roughing process step will not influence the surface 
roughness’s final value. Therefore, roughing can be deleted 
from the process step list.

In the third sub-procedure (cf. Fig. 6), the remaining 
process steps within the PSL are analyzed for combination 
constraints, forcing the unintended modification of an addi-
tional process step. For this, the rows of the process steps 
are scanned for “1”s in the P → P area of the MDM. The 
rows of the finishing and drag grinding process steps do not 
contain any “1”s, so there are no constraints.
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For the last sub-procedure (cf. Fig. 7), the MDM is no 
longer needed. The remaining process steps of the PSL are 
analyzed for their ability to change the considered charac-
teristic to the required extent, which must be performed by 
process experts on a case-by-case basis. For example, the 
final value of a diameter of a shaft may be influenced by 
a polishing process step and this process step is therefore 
entered in the PSL. However, the polishing process step may 
not be capable of influencing the diameter to the required 
extent (a reduction of 5 mm). Therefore, all entries in the 
process step list must be analyzed with regard to their abil-
ity to implement the required characteristic change. Since 
this ability is highly individual for every case to which the 
methodology is applied, it cannot be automated by integrat-
ing information into the MDM model and must be answered 
by the technology planners applying the procedure to their 
specific case. For the case study presented here, the fin-
ishing and the drag grinding process steps are capable of 
achieving the required reduction in surface roughness and 
therefore remain in the PSL. Finally, all combinations of the 
remaining process steps are listed, since these combinations 
also represent applicable adaptations for implementing the 
required characteristic change. The combination of finishing 
and drag grinding is added to the PSL, now containing the 
entries finishing (1), drag grinding (2) and finishing + drag 
grinding (3).

In summary, the application of the developed procedure 
to the MDM model results in a list of all adaptable process 
steps within the established process chain with which to 
implement the required change in the component charac-
teristic. Although the result of the procedure’s application 
may seem obvious for the simplified exemplary process 
chain, process chains for the manufacture of safety–criti-
cal components are usually highly complex and extensive, 
creating a need for such a systematic procedure. In order to 
generate executable manufacturing changes, adaptations to 
the identified process steps are specified in the next step of 
the methodology.

3.3  Generating manufacturing changes

The last step of the methodology deals with the generation 
of manufacturing changes by assigning process unspecific 
adaptations to the previously identified process steps. There-
fore, a model comprising and classifying process unspecific 
adaptations to the manufacture was derived from the scien-
tific literature in the research fields Technology Planning 
[40], Reconfigurable Manufacturing Systems [41] and Pro-
duction Systems Engineering [42]. The model of process 
unspecific manufacturing adaptations is depicted in Fig. 8. 
It is divided into three types of adaptation: Adaptations to 
the control of a machine tool, such as changing the cut-
ting speed (parameter) or changing the tool path (strategy), 

adaptations to a machine such as changing tools, supplies 
or machine components as well as adaptions to the structure 
of the process chain such as adding, deleting or substitut-
ing a process. The model supports technology planners by 
providing a framework from which to select adaptations and 
by reducing the complexity of the decision-making process 
by excluding certain levels (control, material or structural 
levels) from the decision-making. The classification already 
indicates the required amount of validation the companies 
have to deal with, increasing from adaptations to the control 
level to adaptations to the structural level. Changes on the 
control level may already be part of the technical documen-
tation of the changed process and therefore do not neces-
sarily require a new validation. For changes on the material 
level, new validations are mandatory but can be reduced to 
validations for the one process that is changed. Changes on 
the structural level are mostly classified as major changes 
and therefore require a full revalidation of the manufacture. 
Determining the extent of the required revalidation efforts, 
taking the already existing certification into account, plays a 
major role. For the manufacture of aerospace components, a 
Generic Manufacturing Process Validation allows for small 
changes within an already validated process parameter win-
dow, so that revalidation is not necessary [43]. In the field 
of medical technology, a legal agency determines whether a 
manufacturing change is classified as a major change requir-
ing full revalidation or as a minor change requiring partial 
revalidation or only a change in the existing documentation 
[8]. The following MCs are therefore generated on the basis 
of the existing certification.

First, company specific boundary conditions are taken 
into account by excluding adaptation levels or single adapta-
tions from the application to individual or all of the previ-
ously identified process steps. For example, if a machine 
has recently been bought, substituting this machine must be 
excluded from further considerations for obvious economic 
reasons. After that, every combination of the adaptions (cf. 
Fig. 8) and process steps is analyzed for its ability to imple-
ment the required change in the component characteristic. 
For example, the analysis covers whether a parameter adap-
tion or an adaption of supplies to the drag grinding process 

Manufacturing Adaptation

Control Level Material Level Structural Level

Parameter Adap.
Strategy Adap.

Tool Adap. 
Supply Adap. 
Machine Adap. 

Add Process
Delete Process
Substitute Process
Sequence Adap.

Fig. 8  Model of process unspecific adaptations in manufacture
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would be able to reach the new required value of the changed 
characteristic. The analysis of the combinations results in 
specific alternative manufacturing changes needed to imple-
ment the required change in the component characteristic. 
Since the determination of potential combinations is highly 
case specific and requires extensive technological knowledge 
as well as experiments, this step is carried out in close col-
laboration between experts for the considered process and 
the technology planners applying this methodology. Com-
binations of adaptions are also applicable to process steps. 
The combinations of the process unspecific adaptations from 
the model (cf. Fig. 8) with the previously identified pro-
cess steps generate specific manufacturing changes. Due to 
the high individuality of process chains and components, a 
generic procedure to derive specific alternative manufac-
turing changes cannot be provided. However, the model of 
general adaptions in combination with the previously identi-
fied process step supports technology planners in generating 
specific manufacturing changes.

For the lower housing of the LVAD, four manufacturing 
changes were found to be suitable to reduce the blood chan-
nel’s surface roughness:

1. Adding a finishing cycle to the finishing process step 
(strategy adaptation),

2. Changing the finishing tool and increasing the drag 
grinding process time (tool adaptation + parameter adap-
tation),

3. Increasing the drag grinding process time (parameter 
adaptation),

4. Substituting the drag grinding process via a laser polish-
ing process.

Alternative manufacturing changes for the implementa-
tion of the required component change were thereby identi-
fied through the systematic application of the methodology’s 
final step. The alternative MCs form the basis for further 
analyses and evaluation, which are required to holistically 
plan MCs for safety–critical components. The analysis and 
evaluation of MCs will be discussed in future publications, 
building on the results presented here.

4  Summary and outlook

In this article, a methodology for the systematic identifica-
tion of manufacturing changes for safety–critical compo-
nents was introduced and applied to a medical technology 
case study. The methodology supports technology planners 
in identifying adaptations to an established manufacture in 
order to implement a required change to a component char-
acteristic. The identification is divided into three steps. In 
the first step, four kinds of interdependencies between the 

manufactured component and the established process chain 
are modelled using a Multiple Domain Matrix. On the basis 
of this model, an algorithmic procedure using the line and 
row structure of the model is applied in the second step to 
identify adaptable process steps influencing the final state 
of the considered characteristic. In the third step, the identi-
fied process steps are matched with general adaptations to 
the manufacture, which are classified in a developed model. 
By matching the identified process steps with the process 
unspecific adaptations from the developed model, alternative 
process specific adaptations with which to implement the 
required component change, and hence alternative manu-
facturing changes, are generated.

The limitations of the methodology introduced here are 
its reliance on information about interdependencies (c.f. 
Sect. 3.1), which can be difficult to acquire, as well as its—
currently—highly manual execution. The information about 
interdependencies is crucial for the methodology’s subse-
quent steps and must therefore be handled considerately. 
More research is required into the acquisition of the infor-
mation regarding interdependencies utilized in Sect. 3.1. In 
addition, the validation has so far been carried out for one 
case study and more practical applications of the methodol-
ogy are therefore required for a more conclusive validation.

Future research activities will focus on the analysis and 
evaluation of manufacturing changes. Within the analysis, a 
systematic procedure for detecting unintended characteris-
tic changes caused by manufacturing changes as well as for 
detecting the propagation of changes in the process chain will 
be developed. Only by taking unintended effects and the prop-
agation of changes into account, can manufacturing changes 
for safety–critical components be planned with a sufficient 
degree of planning certainty in order to keep the amount of 
validation work to a minimum. Additionally, future research 
will focus on the evaluation of alternative manufacturing 
changes to enable technology planners to select an MC best 
suited for their specific application case and conditions.
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