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Abstract
One challenge in adaptive design of technical systems is insufficient understanding of the mechanical system behavior.
The actual system behaviour often differs from the system behaviour expected by the designer. This is due, for example,
to influences from manufacturing, wear, or errors in the designer’s understanding. For the analysis of the differences
between expected and actual system behavior, the system behaviour can be observed. Special analysis techniques are
often necessary for system observation. However, the missing methodical support in the system-specific use of analysis
techniques is a challenge. In this contribution, a methodical support for the selection and adaptation of analysis techniques
for system observation is developed. For this, known errors that occur during system observation are operationalised and
provided as requirements for evaluation of analysis techniques. The support is provided as a Selection Matrix, in which
the evaluated analysis techniques can be selected and adapted. This is evaluated considering an accompanying application
to the non-transparent system wood screw connection. By using the analysis techniques selected with the method, it was
possible to identify the actual system behaviour and gain new insights. Here, the Selection Matrix provided support through
a structured evaluation of analysis techniques. The Selection Matrix also supported the adaptation of analysis techniques
for improved observation of the system behaviour. No general statements on the quality of the support by the Selection
Matrix are yet possible. Also, the operationalisation of the errors should be improved to reduce subjective influences.
Therefore, these topics should be investigated in further studies.
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Methodische Unterstützung zur Systemanalysemit Hilfe von Analysetechniken – Überwindung von
Intransparenz in der Gestaltung

Zusammenfassung
Eine Herausforderung bei der Weiterentwicklung technischer Systeme ist ein unzureichendes Verständnis des mecha-
nischen Systemverhaltens. Das tatsächliche Systemverhalten weicht häufig von dem durch den Konstrukteur erwarteten
Systemverhalten ab. Dies liegt beispielsweise an Einflüssen aus der Fertigung, dem Verschleiß oder an Fehlern im Verständ-
nis des Konstrukteurs. Für die Analyse der Abweichung zwischen erwartetem und tatsächlichen Systemverhalten, kann
das Systemverhalten beobachtet werden. Für die Systembeobachtung sind häufig spezielle Analysetechniken notwendig.
Die fehlende methodische Unterstützung bei der systemspezifischen Anwendung von Analysetechniken ist jedoch eine
Herausforderung. In diesem Beitrag wird eine methodische Unterstützung für die Auswahl und Anpassung von Analyse-
techniken für die Systembeobachtung entwickelt. Dazu werden bekannte Fehler, die bei der Systembeobachtung auftreten,
operationalisiert und als Anforderungen an Analysetechniken für die Bewertung bereitgestellt. Die Unterstützung wird
durch eine Auswahlmatrix bereitgestellt, in welcher die bewerteten Analysetechniken ausgewählt und angepasst werden
können. Diese wird entwicklungsbegleitend am intransparenten System Holzschraubverbindung evaluiert. Durch die mit
der Methode ausgewählten Analysetechniken war es möglich, das tatsächliche Systemverhalten zu identifizieren und neue
Erkenntnisse zu gewinnen. Hier unterstützte die Auswahlmatrix durch die strukturierte Bewertung von Analysetechniken.
Auch die Anpassung von Analysetechniken zur besseren Beobachtung des Systemverhaltens wurde durch die Auswahl-
matrix unterstützt. Es sind noch keine allgemeinen Aussagen zur Qualität der Unterstützung durch die Auswahlmatrix
möglich. Zudem sollte die Operationalisierung der Fehler weiter verbessert werden, um subjektive Einflüsse zu reduzieren.
Daher sollten diese Themen in weiterführenden Studien untersucht werden.

1 Introduction

The process of designing is based on iterative sequences of
analysis and synthesis steps [1]. Causes for iterations often
are unknown design problems. In order to solve them, an
analysis must be performed to find out whether the available
information is sufficient to understand them [2]. In adap-
tive design and reverse engineering, questions about design
details are in focus [3]. Here, analysis of the mechanical be-
haviour of the preceding system or high-fidelity prototypes
is often necessary to gain insights for successful design.
The understanding of the system behaviour is essential for
the further development.

The actual behaviour can differ from the system be-
haviour expected by the designer, for example, due to wear
or manufacturing influences. The product’s structure must
be analysed to identify the behaviour derived from it [4].
This analysis is often difficult to conduct [5], as the be-
haviour of the product results from interactions in its em-
bodiment and also from its interaction with the system en-
vironment [3]. It is often only possible to identify faults and
weak points in the design by observing the product under
application conditions [6].

Simulations are quite common in these kinds of inves-
tigations of system behaviour. However, they often lack in
suitable details. In conceptual design, the evaluation of de-
sign issues uses approximate calculations and assessments
to investigate the performance of an evolving concept [7].
For these calculations, however, the behaviour derived from
structure and the resulting effects must be known. In some

cases (e.g. unknown material characteristics or friction ef-
fects), it is not possible to predict exactly how components
will interact in operation and what effects this may have
on the overall system [8]. This may be due to unknown
causes for system behaviour. Here, the physical product
embodiment must also be investigated in experiments due
to unknown properties [9]. In setting up an experiment, it is
recommended to consult experts that can support through
their understanding of the system [10]. In the case of reverse
engineering, however, experts for the investigated details
are often not available. Moreover, if experts have different
opinions and hypotheses on how the system behaves, ex-
perimental investigations reach a limit, as it is no longer
sufficient to only measure behaviour (e.g. through force
sensors).

Observation of the mechanical product embodiment un-
der application conditions is needed to derive behaviour
from the structure. Here, observation means the purposeful
investigation of system behaviour through qualitative meth-
ods, which can be applied directly (e.g. high-speed videos)
or indirectly (e.g. CT scan). The challenge here lies in ob-
serving the right thing, which enables the formulation of
hypotheses. Without suitable analysis methods, derivation
of purposeful hypotheses becomes difficult. Based on these
hypotheses, tests or experiments can be conducted that lead
to the necessary insights.
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Fig. 1 Application of analysis
techniques to drywall screws.
a Wear marks, b marking ink
[16]

1.1 Non-transparency in analysis

When observing system behaviour, different errors can oc-
cur. ZANKER distinguishes the following three classes of
errors that can occur when observing a system [11]: Infor-
mation not available, faulty observation, and incorrect in-
terpretation. For a purposeful analysis, these errors should
be considered and, if possible, excluded.

The error class information not available includes the
basic challenge of non-transparency, as parts of a system
are not directly observable and/or not directly accessible
[8]. Through this, a barrier hinders observation of interac-
tions in technical systems [12]. When an observation bar-
rier occurs, necessary insights are missing and therefore
design must rely on assumptions as to which embodiment
parameters influence the function and behaviour (embodi-
ment function relation—EFR). In these non-transparent sys-
tems, verification of the assumptions of EFRs is difficult.
Falsified assumptions often lead to iterations which delay
the development process [13, 14]. In product development,
verification through analysis is necessary for conducting
synthesis-driven analysis [15], which aims at the synthesis
of an improved product.

Only when non-transparency is overcome, it is possible
to address the error classes of faulty observation or incorrect
interpretation. A challenge emerges in how to carry out
a purposeful observation of the product behaviour, as this
is not described in the literature mentioning the necessity
of observation in analysis.

1.2 Overcoming non-transparency in analysis

One way of overcoming non-transparency in analysis is the
use of heuristics [12]. They are often understood as cog-
nitive shortcuts which result from successful and intuitive
procedures and experiences [16–18]. However, heuristics
do not guarantee successful solutions [19]. They need to be
implemented in analysis techniques to be able to apply them
to a problem. An example of a heuristic is surface analysis,
where the surface of a component is analysed for contact
points in order to identify function-relevant areas, or the
so-called working surface pairs [9]. The surface analysis

can be implemented with the following analysis techniques
[16]:

� Contact points: Search for points of contact of two sur-
faces to identify working surface pairs (direct observa-
tion).

� Wear marks: Wear marks are evidence that a component
has been in contact with a solid, liquid or a gas (indirect
observation).

� Marking ink: visualisation of the contact points of sur-
faces by surface treatment, e.g. colour (indirect observa-
tion).

For the described analysis techniques, the application to
the drywall screw system is shown in Fig. 1.

The analysis technique wear marks is shown in Fig. 1a.
The identified wear marks of a drywall screw are marked
with arrows. This wear shows working surfaces between
screw and ground. In Fig. 1b, the analysis technique mark-
ing ink is shown. A white marking paint is applied to a dry-
wall screw which is then screwed in. Working surfaces are
visible as areas where the white paint has been scratched
off. Furthermore, there are other analysis techniques, such
as the in-situ model by HORN ET AL. for determining the
failure processes of chemical anchors [20], and UIBEL’s
technique for observing the behaviour of a wood screw
connection during the screwing process [21]. All of these
analysis techniques are system-specific. Additionally, THAU

captured a vast variety of analysis techniques for synthesis-
driven analysis [16].

However, the missing methodical support in how to use
analysis techniques remains a challenge. Often, several
analysis techniques have to be combined or adapted [16].
Suitable analysis techniques for the system are implicitly
selected by the designers. The selection of suitable analysis
techniques is a difficulty [22], as it remains unclear when
and which analysis technique is to be used for a specific
situation [16].

Therefore, the objective of this contribution is to
develop and evaluate a methodical support for the
systematic selection and adaptation of analysis tech-
niques in order to observe the mechanical behaviour
of non-transparent systems.
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This methodical support is developed as a structure that will
enable the evaluation of existing analysis techniques as well
as their combination into new analysis techniques suitable
for specific tasks. A matrix approach in the form of the
below presented Selection Matrix is chosen. It is evaluated
by an application to a non-transparent system in Sect. 3.

2 Selectionmatrix

A Selection Matrix is developed to provide methodical sup-
port for the selection of analysis techniques. In order to
develop the matrix, categories for classification of certain
aspects of the analysis techniques are required. Therefore,
in the first step, the error classes for system observation
by ZANKER [11] are operationalised as requirements for
analysis techniques. This is described in Sect. 2.1. These
requirements are then transferred into a Selection Matrix
in the second step. The final matrix is then presented in
Sect. 2.2.

2.1 Operationalisation of the error classes

In the following, requirements for evaluation of the analysis
techniques are derived. These requirements focus on the
application to mechanical systems and are based on the
three error classes by ZANKER [11].

Requirements for the first error class Information not
available are derived through the categories used by THAU

[16]. The categories include: identification of functions,
working surface pairs, channel and support structure, and
combination of function and embodiment. The category
channel and support structure describes function-relevant
volumes of the embodiment that connect working surface
pairs [23].

� Observable system behaviour. This requirement de-
scribes the identification of functions. According to
WINTERGERST, the area of function fulfilment must
be observable [12]. The system behaviour can be ob-
served at any point in time, at different points in time,
or continuously throughout. “To gain knowledge about
a systems parameters and their [sic] relation to the dy-
namic behaviour, the differentiation of its behaviour into
states can be used” [24, p. 4]. The requirement of ob-
servable system behaviour is that the area of function
fulfilment must be observable at different times or time-
continuously.

� Observable contact. This requirement describes the
identification of function-relevant embodiment (working
surface pairs and channel and support structures) and
thus the spatial observation of the area of function ful-

filment. The necessity of observing the contact results
directly from non-transparency.

� Combination with measurement data. In order to be
able to quantify information gained from observation,
a combination of system parameters (embodiment), ob-
servations (real behaviour, qualitative), and quantitative
experimental data is necessary [22]. To enable this link,
it must be possible to collect this data.

The second error class faulty observation describes the
errors resulting from the observation itself. The following
requirements can be formulated:

� Minimal change in behaviour. The system is usually
modified in order to enable observation of system be-
haviour. Hence, the changes made should influence the
behaviour as little as possible [22]. This is quite difficult
and has to be evaluated e.g. through the comparison of
system behaviour.

� Minimal contact change. In order to make the embodi-
ment observable, the system often has to undergo a con-
siderable change. This change can lead to geometric or
material changes or even material exchange in the con-
tact area.

The third error class incorrect interpretation describes
errors that can occur when assumptions about EFRs are
inferred from the observation. The following requirements
can be formulated for this error class:

� Reproducible effect. In order to verify assumptions
about EFR, the effect of a parameter variation must be
examined. A causal effect is reproducible and describes
the effect of a system change on system performance
[10].

� Visible effect strength. For the effect strength, it is nec-
essary that the change of an embodiment parameter is
larger than the scatter of the system to be observed. This
can be described as a necessity to observe a sufficient
number of appropriate state variables [25].

2.2 Development of the selectionmatrix based on
requirements

The aim of the Selection Matrix is the purposeful evalu-
ation and combination of existing analysis techniques. It
is designed as a situation-specific support for investigation
of unknown mechanical system behaviour, e.g. in adaptive
design. The two-dimensional core element of the Selection
Matrix is shown in Fig. 2a. The error classes and require-
ments for each error class are shown in the first dimension.
These are listed line by line. The analysis techniques to be
evaluated are to be noted in columns and include the sec-
ond dimension. The matrix is structured similarly to other
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Fig. 2 Selection Matrix for
the selection and adaptation
of analysis techniques (a), and
process for using the matrix (b)
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• Combination into a new 
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Process

a b

known methods, such as the Pugh Matrix [26] for the se-
lection of concepts.

Fig. 2b shows the process for using the Selection Matrix.
First, the analysis techniques are assessed according to the
requirements and then they are integrated into the Selection
Matrix. The fulfilment of the requirements is assessed on
the basis of application data, literature, and expert knowl-
edge. An analysis technique can fulfil a requirement (✔) or
not fulfil it (X). It is also possible that a requirement can-
not not be rated (–). For each analysis technique, the sum
of fulfil and not fulfil can be calculated at the end of the
column.

Secondly, various analysis techniques can be compared
on the basis of the sum of fulfilled and unfulfilled require-
ments. From this, potentially suitable analysis techniques
can be selected. Here, the Selection Matrix also serves as
documentation of possibly resource-intensive decisions.

Thirdly, analysis techniques can be adapted by identi-
fying possible combinations of themselves. The Selection
Matrix allows comparison of the fulfilment of single re-
quirements of different analysis techniques to eliminate in-
dividual weak points. Thus, it is possible to adapt analysis
techniques to a specific situation. This aims at increasing
the chance to observe mechanical system behaviour which
is unknown in detail and for which no suitable analysis

techniques have been existing so far. The application area
of the Selection Matrix is limited to mechanical systems.

3 Accompanying application in the
development of the selectionmatrix

The Selection Matrix was evaluated using an accompany-
ing application. Here, the system wood screw connection
was chosen as a non-transparent system. The interaction
between wood and screw is not readily visible and difficult
to conceive for design engineers. Due to the anisotropic and
porous material properties of wood, scatter caused by nat-
ural growth processes [27], and different failure scenarios
[28], the wood screw connection shows a complex system
behaviour and, therefore, is a suitable system for the appli-
cation and evaluation of the presented Selection Matrix.

The Selection Matrix is applied in a development project
which aimed at the synthesis-driven analysis of wood
screws through understanding of the failure behaviour of
a wood screw connection. This aim requires the selection
of suitable analysis techniques. The project was supported
by an industrial supplier of self-tapping screws. The du-
ration of the project was approximately 15 months. Six
product managers as well as design engineers from the
fields of mechanical engineering, civil engineering, and
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timber construction were involved. The application of the
Selection Matrix was conducted by the authors. The results
were presented and discussed in workshops with the other
project participants. Within the context of the project, many
analysis techniques were tested and a total of 250 pull-out
tests were carried out to select and evaluate them. By apply-
ing the analysis techniques recommended by the Selection
Matrix, it was possible to identify previously unknown
system behaviours of wood screw connections [29].

3.1 Assessment of analysis techniques

In the following, the assessment of six analysis techniques
is presented to clarify the application steps of the Selection
Matrix. Fig. 3 shows the application and the assessment of
the analysis techniques to fulfil the requirement observable
contact. The headline shows the analysis techniques ap-
plied. The bottom line shows the application of the analysis
technique to the wood screw connection and the evaluation
of the requirement.

The analysis technique marking ink is used for surface
treatment of the wood screw. This is because no visible wear
is expected with wood screws due to the high difference in
hardness in the contact screw-wood. As shown in Fig. 3a,
the red marking ink was almost entirely removed from the
surface of the screw and adheres to all surfaces in the wood.
The contact of the screw with the wood cannot be narrowed
down further, and the observation is made more difficult by
the applied ink. Thus, no additional observation is possible,
and the requirement observable contact is not fulfilled.

The analysis technique X-Ray is applied by computer to-
mography to a wood-screw connection. In Fig. 3b, the X-ray
image of a screw connection can be seen in section through
the screw axis. The image shows black bars pointing away
from the screw. This effect is called ‘beam hardening’, and
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Fig. 3 Application of analysis techniques to the wood screw connection for evaluation of the requirement observable contact

is an error in X-raying that results from the high density
difference between the metal screw and the wood. Due to
this physical phenomenon, the contact between the wood
screw and the wood cannot be investigated further since no
details can be observed in this area. Therefore, the require-
ment observable contact is not fulfilled.

A simpler analysis technique is video recording. Here,
the pull-out process of the wood screw was recorded with
a video camera (Fig. 3c). The behaviour during pull-out
can be observed time-continuously. The contact between
the screw and the wood is still not visible, the requirement
observable contact is not fulfilled. However, the require-
ment observable system behaviour is fulfilled.

Another analysis technique is the creation of sectional
models. A sectional model was created contactlessly using
a CO2 laser. The wavelength of the CO2 laser is well suited
for cutting wood whilst metal screws are not affected. An
area of the screw connection is lasered parallel to the screw
axis. However, Fig. 3d shows that some parts of the wood
are well removed, whereas the laser shows little effect on
the annual rings. This is due to the differences in density
between spring wood and annual rings. Thus, no clear ob-
servation of the contact is possible, and the requirement is
not fulfilled.

Another sectional model is produced by saw machining
of wood. As shown in Fig. 3e, a 90° section of the wood is
removed with a saw before the screw is applied. The wood
screw is then screwed into the resulting corner and pulled
out. The contact is observable at the two interfaces between
the screw and the wood, exactly on the left and right sides
of the corner, although wood chips cover the picture. De-
spite occurring challenges in the application, observation is
possible. Hence, the requirement observable contact is ful-
filled. However, the requirement minimal contact change is
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Fig. 4 Selection Matrix for
systematic evaluation of analysis
techniques
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not fulfilled, and further investigation into how the system
behaviour changes through the contact change is necessary.

The analysis technique enlarging prototypes is often suit-
able for the identification of areas of functional fulfilment
as it makes very large systems manageable for the design-
ers. For this purpose, a wood screw is manufactured from
ABS material by 3D printing (Fig. 3f) using the fused depo-
sition modelling process. The wood screw is manufactured
in a ratio of 2:1 to the real screw, and is screwed into the
wood and then pulled out. The wood is not scaled, as scaling
needs a very great effort in reproducing the anisotropic pa-
rameters. Results showed that the necessary tensile strength
could not be reached with the printed ABS screws. There-
fore, the requirement minimal change in behaviour is not
fulfilled. The contact between the screw and the wood is
still not visible, and the requirement observable contact is
not fulfilled.

With this application data, the applied analysis tech-
niques are also evaluated against the other requirements
mentioned in Sect. 2.1. The complete evaluation can be
found as research data under https://doi.org/10.5445/IR/
1000123853. The results are presented in the following
section.

3.2 Comparison and adaptation of analysis
techniques through the selectionmatrix

The evaluation of the analysis techniques for the wood
screw connection is transferred into the Selection Matrix
and presented in Fig. 4.

The matrix shows that the analysis technique laser-ma-
chined sectional model with one fulfilled requirement and
three unfulfilled requirements performed the worst. Fur-
thermore, the analysis techniques X-Ray, Video, and 3D-
print are rated as most helpful, with four fulfilled require-
ments and two unfulfilled requirements each. Moreover, the
ability for combinations has become evident. One possible
combination is the analysis technique Video with Saw-ma-
chined sectional model, in which the weaknesses of each
technique are compensated and the strengths are made us-
able. The analysis technique adapted by the combination is
called continued movement. This technique uses the possi-
bility to observe the contact of screw thread and wood and
combines it with time-continuous data acquisition by using
video microscopy. In the video analysis, the behaviour of
the wood in the failure of the contact becomes visible.

The application to the wood screw connection shows
that the requirements allow an evaluation where the anal-
ysis techniques can be differentiated. One exception is the
requirement combination with measurement data, which
was fulfilled with all analysis techniques. This allows for
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weighting of the analysis techniques and thus a final selec-
tion of the most reasonable technique through the Selection
Matrix. Furthermore, it could be shown that by comparing
the strengths and weaknesses of the analysis techniques,
it is possible to adapt them and find suitable combina-
tions. The matrix shows further possible combinations of
other analysis techniques; however, not all combinations of
analysis techniques will be possible.

4 Discussion

The Selection Matrix can extend the state of the art where
designers must intuitively decide which analysis technique
to select. In the application, the possibility of adaptation
by the combination of analysis techniques was shown. This
supports the thesis by THAU [16] that often, several analysis
techniques have to be combined.

Since the evaluation is carried out on the basis of criteria
for error classes in system observation, it can be assumed
that other heuristics and analysis techniques can also be
evaluated. Further analysis techniques of non-transparent
systems can be integrated into the Selection Matrix. For
the assessment, the analysis techniques must be applied on
a test basis. If the matrix has already been existing, e.g.
for previous generations, it can also be used for similar
products in earlier product development phases such as the
conceptual design phase. The experiences from the com-
pleted matrix can be transferred to other systems. For ex-
ample, density differences in materials is problematic for
the X-ray technique. This not only applies to the wood
screw connection but can also be generalised.

The objective of the contribution was to provide method-
ological support for the observation of non-transparent sys-
tems. This has been reached in the following aspects:

� The matrix allows for structured evaluation of analysis
techniques. The requirements allow an evaluation where
the analysis techniques can be differentiated.

� A systematic selection becomes possible by comparing
the sum of fulfilled and unfulfilled requirements. This al-
lows to select potentially suitable analytical techniques.

� The adaptation of analysis techniques becomes possible
through combination based on the identified strengths
and weaknesses. The matrix offers the possibility to
compare the fulfilment of individual requirements of
the analysis techniques and thus to determine potential
combination possibilities.

Limitations to this investigation are the operationalisa-
tion of the error classes. The requirements derived from
the error classes are a first step towards the evaluation of
analysis techniques; however, their quantitative rateability
must be improved, as up to now, subjective evaluation still

shows a certain influence. One research approach would be
a multiple case study. The analysis of observations of dif-
ferent systems allows to specify the requirements for the
selection of analytical techniques and thus to improve the
quality of the operationalisation. It can also be checked
whether a weighting of the requirements is necessary and
possible. If it is possible, a net score can then be calculated
by subtracting the unfulfilled requirements from the number
of fulfilled requirements. A similar procedure for working
with a selection matrix is shown by ULRICH AND EPPINGER

[30]. This net score allows a ranking of the analysis tech-
niques. Since a possible weighting of the requirements is
still unclear, no net score can be calculated at the moment.
For more generalised statements on the quality of support
of the Selection Matrix, further studies of other non-trans-
parent systems and also investigations into its applicability
for design engineers are necessary.

5 Conclusion and outlook

There are different analysis techniques by means of which
the mechanical system behaviour can be observed in adap-
tive design. Thus, actual, unknown system behaviour can be
identified. The challenge is to evaluate analysis techniques
and to select a suitable one for the specific case. For the
evaluation of analysis techniques, error classes of system
observation are operationalised and provided as require-
ments. These requirements are integrated into a Selection
Matrix for selection of suitable analysis techniques. The
assessment of analysis techniques against the requirements
in the Selection Matrix allows the selection. By compar-
ing the strengths and weaknesses, the Selection Matrix also
allows the adaptation and further development of analysis
techniques. The result of the investigation is a Selection Ma-
trix for the systematic selection and adaptation of analysis
techniques, which provides methodical support for design
engineers. It is evaluated in an accompanying application
of a wood screw connection as a non-transparent system.

In further research, the Selection Matrix will be evalu-
ated on other non-transparent systems. This allows more
general statements on the quality of support. The opera-
tionalisation shows need for further research to reduce sub-
jective influences.
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