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Abstract: Digital Twins are being used more and more frequently and provide information from
the Real Twin for different applications. Measurements on the Real Twin are required to obtain
information, which in many cases requires the installation of supplementary sensors. For their
conception and design, it is particularly important that the measuring principles are selected purpose-
fully and the appropriate sensors are integrated at the goal-oriented measuring positions without
impairing the functions and other properties of the Real Twin by the integration of these sensors.
In this article, a “Design for Digital Twin” approach is discussed for the systematic procedure and
demonstrated using a multi-staged gearbox as a concrete example. The approach focuses on the
mechanical and hardware side of the Real Twin. For the systematic conception and design of the
Digital Twin solution, an understanding of the stakeholder demands and the expected use cases is
necessary. Based on the stakeholder demands and use cases, the relevant product properties can be
determined. Using the relevant properties, an iterative process of conception, design, and analysis
takes place. The conception is carried out by means of target-oriented cause-effect analyses, taking
into account systemic interrelations of the Real Twin components and systematics for the selection
of measurement principles. Systemic considerations, combined with an effect graph, allow for the
analysis and evaluation of disturbing factors.

Keywords: digital twin; systems engineering; four-pole; gearbox; robust design; effect chain;
measurement principle; sensor selection

1. Introduction

Digital Twins support different use cases in several product life phases (e.g., predictive
maintenance during usage, sustainability assessment of products during use, provision of
services, support of remote control, feedback of insights from product usage for further
development, support of verification and validation through a systematic comparison of
model-based descriptions of the Real and Digital Twins during development, etc.) [1-6].
For this purpose, information is exchanged between the Real and Digital Twin and pro-
cessed in the Digital Twin (e.g., in form of simulations of the expected behavior of the Real
Twin), which ultimately leads to application-specific actions in the Real and Digital Twin.
There are different types of Digital Twins for different use cases. Wilking distinguishes be-
tween Informational Digital Twin (IDT), Supporting Digital Twin (SDT), and Autonomous
Digital Twin (ADT) [7].

The basic system of the Real Twin usually also exists without a Digital Twin, so that
the essential purpose of the technical product can be realized [8]. The combination of a
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Digital Twin and an extension of the Real Twin for bi-directional communication between
the Real and Digital Twin should be referred to as the Digital Twin Solution (see Figure 1).
In Figure 1, the term Digital Master is used during development, as this is the starting point
for the Digital Twin Solution during development.
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Figure 1. Digital Twin Solution [6].

In order for the Digital Twin Solution (especially through the specific extension of
the Real Twin) to meet the demands in the best possible way, while ensuring that the
Digital Twin Solution does not compromise the basic functions of the Real Twin, these must
be developed systematically. It is particularly important to design and detail the extension
of the Real Twin to a Digital Twin Solution in a targeted manner. In order to support the
systematic development as needed, there are approaches for the development of Digital
Twins [9]. For the systematic and need-oriented development of Digital Twin Solutions,
Koch and Husung [6] proposed an approach that consists of four steps and focuses on the
aspects shown in Figure 2. Much work already exists on the other aspects of Digital Twin
Solutions, some of which should be mentioned here [10-13].
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Figure 2. Aspects of the Digital Twin Solution and focus of the paper.
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The objective of this contribution is to detail the approach proposed by Koch and
Husung [6] for a specific use case, apply it to a multi-stage gearbox, and validate the
approach in a context-specific manner. The following research questions are in focus:

1.  How can concepts for Digital Twin Solutions (with the relevant focus—see Figure 2)
for a multi-stage gearbox for specific applications be systematically determined?

2. How can different concepts of the Digital Twin Solution for a multi-stage gearbox be
systematically compared and evaluated?

To answer the research questions, this paper is structured as follows: Section 2 briefly
explains the relevant state of the art. The specification and application of the approach as
well as context-specific validation are discussed in Section 3. The approach is alternately
specified, applied, and validated specifically to the specific product and use case. Section 4
summarizes the results. In this section, the conclusions are also discussed and a brief
outlook is provided.

2. State of the Art
2.1. Conception of the Digital Twin Solution

The development of Digital Twin Solutions encompasses many facets. Many scientific
works deal with the identification of requirements for the Asset Administration Shell [11,14],
the definition of the associated Digital Twin models, and the processing of the information
within the Digital Twin [10], and show approaches as well as solutions for their realiza-
tion. In this context, interoperability, model quality, model exchange, and extensibility
as well as the processing of the information are discussed [10,12,15,16]. The Industry 4.0
platform has published a specification of the Asset Administration Shell for industrial
applications [14,17]. In this context, Eickhoff presents a holistic concept for Digital Twin
development [9]. One aspect that has been little discussed so far in the context of the
Digital Twin is the necessary systematic extension of the Real Twin in order to realize the
data acquisition for the use cases of the Digital Twin. Koch and Husung [6] presented
an approach to address this issue. The structure of the approach is shown in Figure 3.
This paper will build on this approach. Against this background, the approach will be
briefly presented.

1. Investigation
of the Stakeholder Objectives and Use Cases

<

2. Identification
of the relevant Properties of the System
for the Fulfilment of the
Stakeholder Objectives and Use Cases

3. Conceptualisation / \ 4. Systematic Investigation
and Design —| —l of the Effects
of the Digital Master \ / of the Digital Twin solution

[—
Figure 3. Structure of the approach to design the Digital Twin Solution [6].

In the first step of the approach, the specific stakeholder demands and expected use
cases must be identified and concretized in such a way that the relevant product properties,
which must be identified from the Real Twin and processed in the Digital Twin, can be
derived. Furthermore, by defining and concretizing the expected use cases, the use context
of the Real Twin and thus therein occurring disturbance factors become apparent. These
factors must be taken into account when developing Digital Twins to ensure the accuracy
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and robustness of the behavior. Depending on the development and implementation
status of the technical product, different levels of maturity of the relevant properties can be
determined. Based on the identified relevant properties, an iterative process of conception,
design, and analysis is carried out (see Figure 3).

The approach requires concrete detailed approaches for the selection of the measuring
principle and the sensors. Against this background, the state of the art of the specific
measuring principle and sensor selection will be discussed in the next sections.

2.2. Sensing Machine Elements

Sensing machine elements (SMEs) are based on conventional, standardized machine
elements and extend their primary mechanical functions with sensory functions [18,19].
The sensory extension of machine elements enables the measurement of a measurand
in products without having to redesign the entire product, but by replacing an already
included conventional machine element by an SME. SMEs arise alongside standard sen-
sors that are integrated with products. The development of SMEs is the current sub-
ject of application-oriented development, but also of fundamental research. Vorwerk-
Handing et al., describe the conceptual formulation of various types of SME and their dif-
ferentiation from each other: sensor-carrying machine elements (5cMEs), sensor-integrating
machine elements (SiMEs), and sensory utilizable machine elements (SuMEs) [18]. ScMEs
have an additional sensor element and the measurand is not related to the mechanical
function of the machine element. SiMEs also have an additional sensor element integrated
but the measurement is related to its primary mechanical functions. SuMEs do not have
an additional sensor element integrated but their properties are used to create the sensory
function. Exemplary descriptions of such concepts are still comparatively rare. Another
example of a SME is a sensor-integrated gear to detect wear by Peters et al. [20]. These
have the possibility for data transmission to a Digital Twin. Bonaiti et al. [21] describe the
influence of sensor integration on the Real Twin.

The concept of sensing machine elements was extended to design elements in general
by Harder et al. [22]. Sensor-carrying design elements (ScDE) and sensor-integrating
design elements (SiDE) are classical sensor integrations into design elements, which are not
standardized. However, sensor utilizable design elements (SuDE) are a sensory extension
that have been little considered so far.

2.3. Approaches for Sensor Selection

There are different methods for selecting suitable sensors for the measurement of
specific flow or state variables of technical products. For the discussions in this paper,
the “Sensory utilizable Design Elements” (SuDE) methodology by Kraus et al. [23] is
applied, the main steps of which will be explained in more detail below. The individual
steps of the methodology are supported by an effect graph, which is a digitized effect
catalog using a graph-based effects database [24].

In the first step of the methodology, principal solutions for the targeted introduction
of sensory functionalities are determined. Starting from the point of interest (the place
where the relevant quantity is to be determined), neighboring components are considered
and the measurand or the quantity to be measured is used as an input variable in the
effect graph. Effects that allow direct conversion of the measurand into an electrical
output signal are systematically searched for. Suitable effective contact surfaces (or lines
or spaces) within the component must be identified for each effect found. Such effective
contact surfaces must be identified taking into account the necessary system-dependent
(e.g., kinematic) properties of the effect under consideration. It can then be checked whether
the component or the effective contact surface itself is suitable as an effect carrier. For this
purpose, the adjustability of the component-specific properties (e.g., material properties) is
checked in order to meet the necessary requirements for realizing the considered physical
effect. Both the identification of effective contact surfaces and the adjustment of the
physical properties of the design element can be supported by additional information
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stored in the corresponding node of the effect graph. Furthermore, effect chains, which
represent a known sensor solution, can also be considered to measure the quantities to
be measured in order to introduce sensory functionality in design elements. The changes
made to the product must be contemplated critically concerning their feasibility. Design
element tolerances as well as installation space restrictions must be taken into account.
The found physical effect chain must be reversible to fulfill its resulting measurement
function. The result of this step is a list of feasible solutions for SuDEs.

In the next step, the robustness of the feasible solutions against the influence of
disturbance factors is assessed. This step is necessary since measurements in machines
are typically performed under extreme environmental conditions present. Solutions are
sought for that have the lowest possible sensitivity to be influenced by disturbance factors.
The systematic identification of potential disturbance factors is carried out using an effect
graph [24]. For each feasible solution, the underlying physical effect (intended effect) is
analyzed concerning potential indirect superpositions. Such indirect superpositions are
physical effects (unintended effects) that are caused by occurring disturbance factors.

In the final step, the found solutions are evaluated using generalized evaluation criteria
to obtain a ranked list of feasible SuDEs at the end of the methodology. Based on this,
a design element to be implemented can be selected [23].

3. Detailing of the Approach Using the Multi-Stage Gearbox

In this section, the approach of Koch and Husung [6] is detailed and described in the
following in order to answer the above-formulated research questions (see Figure 4) and
applied to the multi-stage gearbox (the text with the concrete application to the multi-stage
gearbox is written in italics).

Methodical steps : Work products

\/ | Objectives and

Stakeholder —t—®»| usecases
objectives and use -
e N

—
\/— -------- : Relevant
|

Identification ofthe }——— properties and

relevant properties  J . W

] Influences and

| disturbing
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and disturbing factors{"gicr; "} -

|
Concept | 1. Co_ncept
development I > variant
> Detailed I 2. Concept
Effect chain analysis of | variant
analysis measuring | 3. Concept
position and | =¥ varant
I
I

Potential iteration loops
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solution variants  {“giera | —_—

Impact of the sensor _|—’ Digital Twin J— .
concept on the Digital | L — i Stepx_j
\Twm/ | Extension of step x in

approach of Koch/Husung

Figure 4. Detailed methodical steps of the approach with respective results (work products).
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In the following explanations, terms from system modeling and measurement are used.
The metrological terms are based on the International Vocabulary of Metrology [25]. The mod-
eling terms are based primarily on system theory and modeling recommendations [26].

3.1. Stakeholder Objectives and Use Cases

The systematic development of the Digital Twin Solution requires an understanding
of the planned or expected Digital Twin use cases of the different stakeholders in the life
phases. Systems engineering approaches [27] are used to determine the stakeholders and
use cases, including the systematic analysis of the different life phases and the determina-
tion of the demands of the relevant stakeholders in the life phases. The demands of internal
stakeholders can concern the improvement of their tasks in development or production
in the context of the product. In the context of Digital Twins, there are also demands of
external stakeholders in connection with new business models (e.g., data-based services or
assessment of the sustainability of products or processes based on carbon footprint).

Application to the multi-stage gearbox: Different use cases are important for the gearbox in
which a Digital Twin Solution provides added value. A few selected use cases will be discussed below.
The gearbox as an industrial product must Quarantee the desired function over a long period of time
and possible failures should be detected at an early stage by monitoring the wear (see Figure 5).
The end users and those responsible for maintaining the gearbox are interested in this use case.
Another application in this context is the early detection of assembly errors, which can also lead to
increased wear. The further explanations focus on the first use case.

Use Cases
Detect
Monitor wear assembly
errors
Relevant product Wear: » Concentricity of shafts and | «
properties and » Shape of the tooth flanks gears
associated product during tooth meshing .
characteristics or .
external influencing
factors

Figure 5. Use cases and relevant product properties.

3.2. Identification of the Relevant Properties and Characteristics

The objective of the second step of the approach is to determine which product prop-
erties and characteristics (definition according to Characteristics-Properties Modeling and
Property-Driven Development (CPM/PDD) [28]) are relevant for the realization of the
use cases. Direct and simulation-specific product properties are required for the use cases.
Direct means that these represent an output value of the use case without further transfor-
mation (e.g., consumption information or emission values). Since these properties often
cannot be identified directly, models and associated simulations are necessary. The input
variables for the simulations are in turn simulation-specific properties that are required in
addition to the product characteristics in order to determine the output variables of the use
cases (see Figure 6). The simulation-specific properties are relevant variables of the simula-
tion model. This means that the logical and physical relationships or even mathematical
models in the Digital Twin must already be taken into account for the determination of
the relevant properties. Dependencies between relevant properties, input variables, and
internal product characteristics are provided by the analysis of the product on the basis of
systemic analysis (see Figure 7).
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Y

Figure 7. Function of the system depending on the intended and unintended interactions and internal
characteristics [29].

Application to the multi-stage gearbox: The function (transformation of the intended input
variables into the intended output variables—see Figure 7) of the gearbox is defined by its active
surfaces and their relative arrangement (product characteristics Z in Figure 7). An important
active sutface for each gear is the tooth flank, which in combination with the second tooth flank
forms the functionally important active surface pair. The tooth flanks are heavily stressed by the
rolling process and can wear out. According to Figure 7, this leads to a AZ. The wear (deviation
of the product characteristics AZ) leads to changes in the intended output variables AAy; and
can lead to other unintended output variables A;, such as sound, etc. Against this background,
the movement and shape of the tooth flanks (associated product characteristics) are particularly
relevant for monitoring wear (relevant property) in gearboxes. In addition to the shape of the tooth
flanks, other product characteristics and environmental influences (e.g., temperature, etc.) also
play an important role in reality, which cannot be discussed here for reasons of space. Since wear
as a property cannot be measured directly, substitute variables are to be simulated for this in the
Digital Twin using models. To determine the sensible variables (simulation-specific properties and
product characteristics), an analysis of the causal relationships in the Real Twin and a conception
based on this, including possible measurement principles, is necessary. This analysis is part of the
following steps.

3.3. Concept Development

After the relevant properties have been determined, the main step in developing the
Digital Twin Solution is the conception of the necessary measurement of the properties and
finally elaboration of the concept. In this contribution, the main objective is the conception
(for the aspects shown in Figure 2). During the conception, the best-suited measuring
principle in connection with the measuring position must be determined.

It should be noted that the properties relevant to the use case often cannot be measured
directly because, e.g., no sensor can be placed at the relevant points in the product or the
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relevant measurand cannot be determined or can only be determined inadequately using
the available measurement principles. As already described in Section 3.2, substitute
variables to be measured must therefore be determined. These substitute variables can be
located at other places in the Real Twin and can be other property types (e.g., instead of
a force, the resulting deformation is measured). To identify and systematically compare
possible alternatives for the determination of the substitute variables, the cause-effect
relationships in the product (i.e., between the use case relevant properties and the substitute
properties) must be understood. This requires a systemic analysis of the cause-effect
relationships. This means that the effect chains must be considered across the individual
components of the product. Effect chains are models of expected propagation paths of the
functional variables through the products. The functional variables are primarily effort
variables (such as velocities or electrical voltages) and flow variables (such as forces or
electrical currents), for some investigations the signals are also considered. In reality,
the functional variables of different sources of course interfere with each other. For many
observations, it is useful to analyze the different propagations of the functional variables
along the effect chains separately.

As with the product development of the basic product itself, different scenarios should
be taken into account (good-case scenarios, in which there are ideal interactions without
disturbance factors, and worst-case scenarios, in which there are possible disturbances in the
interactions or external disturbance factors — for the example of the gearbox, superimposed
vibrations caused by the drive).

The analysis of the cause-effect relationships can be carried out in several steps. For the
understanding of the basic product, an analysis of the initial solution (pure Real Twin) is
necessary. By the necessary modification of the basic system for the Digital Twin Solution,
the cause-effect relationships of the basic product can be influenced (e.g., by incorporating
components into the force flow). In addition, further cause-effect relationships are generated
by the Digital Twin Solution (e.g., the effect chain for the evaluation of the measurand).
Therefore, an analysis of the cause-effect relationships should also be carried out for the
alternatives of the Digital Twin Solution (extended Real Twin).

The description and analysis of the interactions can be performed using different meth-
ods (e.g., qualitatively through simple function descriptions, e.g., quantitatively utilizing
four-pole modeling theory, bond graphs, etc.). In this contribution, a method based on
the four-pole theory is recommended since the bidirectional interactions of the effort and
flow variables can be represented expediently in this way and different four-pole models
for machine elements already exist [30]. Four-poles are a representation for describing
the transmission behavior of components at discrete interfaces [31] (see also Figure 8).
Four-poles can be coupled with each other at the interfaces in order to describe the behavior
of more complex systems by networking the four-poles.

Siyy ! Mechan. system  Si, ; ' Sigon
¥ R vy T 7 ¥
| M, _— M, ]
Pin Primary mover, > Transmission system > | Load Pou
—> | i (consisting of i ' .
(power source)! machine elements) | (power drain)
] e "
= i
_..!_ ............... !_ R—)
Port 1 Port 2

Figure 8. Four-pole modeling of a transmission system with the context [30].

The description of the interactions between the four-poles is used to apply the SuDE
methodology [23] for the systematic identification of SuDE. This allows concrete decisions
to be made on measurement principles and sensor selection for specific design elements
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case
movement

bearing shift

support
rotary motion

based on the interactions and physical properties found. For the analysis of the cause-effect
relationships, this means concretely:

1. use of four-pole for the overall analysis of the Real Twin (ultimately down to the direct
and simulation-specific product properties—see Section 3.2)

2. use of the SUDE methodology for the detailed analysis of the individual design
elements concerning the suitability for the determination of the product properties
and the selection of the measurement principle.

Application to the multi-stage gearbox: Figure 9 shows the four-pole model of the gearbox incl.
the interactions between the gearbox components. As discussed above, the shape of the tooth flanks
must be monitored for application. If there are deviations due to wear (AZ in Figure 7), constant
changes in the angle of rotation at the input shaft will result in fluctuations in the displacement of
the tooth flanks and ultimately fluctuations in the angle of rotation at the output shaft. In addition,
these speed fluctuations are transmitted to the housing via the bearings. These relationships emerge
from the model in Figure 9. The analysis of the effect chain thus provides several variants via which
model parameters and for the Real Twins via which measurands the relevant properties can be
determined. For the gearbox, three variants are shown in Figure 10. The variations in the shape of
the tooth flanks lead to fluctuations in the kinematic variables, which can be measured at different
positions. The variants are (see Figure 10):

e V1: Measurement of the direct flank movement on the gear,
*  V2: Measurement of the rotary motion on the shaft,

o V3: Measurement of the vibration at the gearbox housing,
e V4: Measurement of the acoustic emission [32] and

*  V5: Measurement of the motor current fluctuation.

convert shift at the circumference
rotary motion
into
circumf. motion

convert

circumf. motion
into

rotary motion

A 4

A

circumferential force

rotation angle
rotation angle

torque

transfer
rotary motion

transfer
rotary motion

rotation
angle

bearing force

rotation angle
bearing shift

case
movement

take
rotary motion

store
rotary motion

Figure 9. Four-pole model of the gearbox incl. the interactions between the gearbox components
(simplified visualization—partially depicted as multi-poles in the figure).

For comprehensive analyses, all known solution approaches should be considered if possible.
Due to the space available in the paper, only the first three approaches (V1-V3) will be considered in
the following. Using the SuDE methodology (see Section 2.2), detailed considerations of the possible
measuring principles and sensory concepts can be carried out for the different position variants.
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V1.1 measuring
| the angular velocity

support
rotary motion

case
movement

V3.1 measuring
| the case movement

For example, in V1, this could lead to the application of a magneto-resistive sensor system that
detects the tooth flanks of the gears involved in the rolling contact. Another solution for V3 could
be to detect the resulting vibrations, which are propagated through the product, by means of an
accelerometer attached to the housing [33].

The transmission error can also be measured for variants V1 and V2 with additional refer-
ence measurements at two measurement positions. However, this is not discussed further in this
contribution.

V2.1 measuring V2.2 measuring
the circumferential the circumferential
velocity of the flank] | velocity of the flank

/ shift at the circumference \

convert
rotary motion
into
circumf. motion

convert

circumf. motion
into

rotary motion

circumferential force

V1.2 measuring

— the angular velocity

rotation angle
rotation angle
torque

torque

transfer
rotary motion

transfer
rotary motion

rotation
angle

V3.2 measuring

the case movement

case
movement

rotation angle
bearing shift
bearing force

store
rotary motion

take
rotary motion

Figure 10. Variants of the measurement to determine the deviation of the shape of the tooth
flanks (V1-V3).

3.4. Analysis of Influences and Disturbing Factors

As shown in Figure 7, when functions are implemented in real products, in addition
to the nominal intended input variables (in the case of the gearbox, these are, e.g., speed
variations on the input shaft), there are also unintended input variables in the form of
disturbance factors (e.g., thermal influences leading to expansions, etc.). These deviations
and other unintended input variables ultimately lead to changes in the output variables.
For the systematic identification of unintended input variables in the form of disturbance
factors, e.g., the disturbance factor control list (see Figure 11) by Welzbacher et al. [34] can be
used, which builds on the fundamentals of four-pole-based modeling. The characterization
and quantification of the disturbance factors listed in the control list are based on the (sub-)
domain-specific flow and effort variables, the product of which describes the generalized
power transported into or out of the system. With the help of the characteristic flow
and effort variables of the identified disturbance factors in connection with the four-pole
approach for the cause-effect relationships as well as the effect graph by Kraus et al. [24],
the impacts of identified disturbance factors on the conceived cause-effect relationships can
then be systematically analyzed and described.
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Figure 11. Excerpt of the filled-in disturbance factor control list (cf. [34]).

When a disturbance factor is found to have an impact on the considered cause-effect
relationship, this disturbance factor must be included in the modeling of the effect chain
in order to ensure the reliability of the analysis results. Alternatively, based on the robust-
design strategies by Mathias et al. [35] or the approaches described by Brix [29] (see also
Figure 12), measures can be developed and implemented to control the disturbance factor
or its impact during function implementation in the Real Twin. The effectiveness of the
respective robust design strategies and the approaches by Brix [29] have to be investigated
system-specifically and for the respective applications.
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influence e avoid growth, keep constant the coupling points, the operating

e deactivate/subside excitations (vibration ...) points ...)
e cover e avoid first order error factors
° .. e avoid errors factors of any order
Possible e controlof |e isolation tolerancing/joint manufacturing e diminution
measures external [e  shielding function separation/integration (reduction of the first order error
systems [e  air-conditioned rooms mechanical preloading factor)
. e filtering selective and adaptive assembly e innocuousness
e damping control, redundancy (hot and cold) (only first order error factor is zero)
o .. compensation (mass, thermal ...) e invariance

(all error factors for relevant
variables insignificant)

Figure 12. Measures to control the disturbance [29].

Application to the multi-stage gearbox: Modeling the system by means of the cause-effect
relationships (shown only with nominal values in Figure 10) also allows the deviations and other
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input variables, e.g., in form of disturbance factors, to be described and their impacts to be analyzed.
It becomes apparent, among other things, that speed and torque deviations as well as settling also
lead to a deviation in the movement of the tooth flanks. The resulting movement deviation must be
distinguished from the wear-induced deviations and can be realized, e.g., by a separate measurement
of the input variables and subsequent compensation of their impacts in signal processing.

3.5. Assessment of the Solution Variants

After determining the solution variants, the best-suited variant must be selected.
Different criteria should be used for the evaluation (see also evaluations according to
Pahl/Beitz [36] or VDI 2225 [37]). In the context of the Digital Twin Solution, it is important
to assess how well the respective solution variants fulfill the Digital Twin use cases. Since
not only Digital Twin use cases are relevant, but also the functionality of the basic product
must be ensured, criteria for influencing the basic product as well as the effects of the
Digital Twin on the further life phases should also be used.

With this in mind, three general criteria for the assessment of the solution variants
are recommended:

*  Purpose fulfillment for Digital Twin use cases: How well does the concept variant
meet the demands based on the use cases of the Digital Twin Solution?

¢ Influence on the basic product: How strongly does the concept variant of the Digital
Twin Solution influence the functionality of the basic product (Real Twin)? The Digital
Twin Solution concept must not interfere with the functions of the basic product.

* Impact on further life phases: What impact does the Digital Twin Solution concept
variant have on the further product life phases? In this context, the aim is to ensure that
the concept necessitates minimal follow-up measures, e.g., concerning maintenance,
updates, etc.

Application to the multi-stage gearbox: The general criteria under these categories are specific
to the concrete product. The application of the evaluation for the gearbox example can be found in
Figure 13 (DT for Digital Twin). The weightings are given as examples and must be applied in
the specific context. Due to the strict requirements for measurement accuracy on the Digital Twin
Solution and the low influence on the basic product as well as the expected low influences on the
further life phases, V2 is chosen.

For all DT Characteristic for
applications spec. DT

application

Criteria

V1 Measurement of the
rotary movement

V2 Measurement of the
flank movement

V3 Measurement of the
housing movements

Objective achievement
for DT application
(9: 0.6)

Minimum
uncertainty of the
measurement data,
robustness of
transmission path

Precise measurement
possible, known sensor
technology (p=1)

Precise measurement
possible, new sensor
technology (p=1)

Precise measurement
difficult due to the long
effect chain, known
sensor technology (p=0)

Influencing the basic
product (g: 0.2)

Integration in
product, influence
on basic function

Due to the
measurement outside
the functional flow, no
influence expected,
however, adaptation of
the shape of the shaft
necessary (p=0)

Due to the measurement
outside the functional
flow, no influence
expected, gear wheel can
be used directly as
measuring scale (p=1)

Almost no influence
expected. Installation of
the sensors in the housing
possible with little effort
(p=1)

Influence on the further
product life phases (g:
0.2)

Maintenance,
replacement of
additional elements

Cleaning may be
necessary during
maintenance
Replacement possible
with high effort (p=0.5)

Little maintenance
expected (cleaning may
also be necessary here)
Replacement possible
with high effort (p=0.5)

Little maintenance
expected
Replacement possible
with low effort (p=1)

Assessment 15 25 2
(without weighting)
Assessment (with 0.7 0.9 0.4
weighting)

Assessmentp:0-05-1 Weighting: g

Figure 13. Evaluation of the solution variants (excerpt, simplified).
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The selection of V2 in the detail of V2.2. with the measurement at gear 3 brings the extension
of the cause-effect relationships (see Figure 14).
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Figure 14. Model of the gearbox after extension by the measurement functions.

3.6. Impact of the Sensor Concept on the Digital Twin

After selecting and conceptualizing the sensor solution to fulfill the stakeholder de-
mand and use cases, the Digital Twin has to be detailed. This involves answering the
following questions:

e In which way must the Digital Twin model be designed for data management and
which functions must be implemented for the simulations as well as other necessary
functions (e.g., for communication)?

*  What new insights can the model of the Digital Twin generate?

In addition, the data acquisition, processing, and evaluation must be detailed. The pro-
cessing of the determined measurement data builds on the model selected in Section 3.2.

For the application to the multi-stage gearbox, the wear is to be determined. The primary
measurand as the basis for the model is the flank movement of the gear. This can be used to calculate
the gear wheel angle. With the measurement procedure, the flank movement can be measured,
and thus also the speed. The sensors acquire one sine-like wave per tooth. The two sensor elements
are 90° phase-shifted and with the atan2-function the angle is calculated from the raw signal.
The calculations are carried out using Matlab R2019b. Damage, such as pitting on the tooth flank,
leads to a change in the geometry and thus the stiffness. This change influences the tooth mesh and
manifests itself in fluctuations in the rotational speed. These fluctuations can be identified with the
measurement procedure. An analysis in the frequency domain is suitable. Therefore, the measured
angle is converted to the frequency domain be the FFT function. The increase of the gear meshing
frequencies and surrounding sidebands are an indicator of wear on the tooth flank. If these features
(e.g., gear mesh frequency and sidebands) are extracted, this also leads to a significant reduction
in the amount of data. Figure 15 shows a comparison of measurements in the undamaged and
artificially damaged state of a pinion in the frequency order domain. It can be seen that the sidebands,
which indicate a damage, are elevated due to the damage. Koch et al. [38] conducted a feasibility
study using the described measurement concept. The shown data are taken from this data set [39].
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In addition, the torque can be calculated via the twist between two measuring points and the stiffness
in between. This makes it possible to use a wide variety of evaluation methods in the Digital Twin,
e.g., the load can be monitored at any time and the service life of the gearbox already used can be
calculated from this in order to plan further operating time and maintenance. For this purpose,
service life models are to be created based on the existing DIN 3993 standards [40].

40 T I
——undamaged
30 | ——damaged |

20 ‘ i

10 g

ok Damage indicating sidebands Damage indicating sidebands |

-10 - g

-20 [

Amplitude in dB

-30 -

-40 |

-50

1 1 1 1
40 45 50 55 60 65
Frequency order

-60

Figure 15. Comparison of the frequency order range of the measured angular velocity in an undam-
aged and artificially damaged condition.

To use the sensor concept in conjunction with the Digital Twin, the evaluation models for
fulfilling the use cases “Monitor Wear” must be created. Communication interfaces are to be
implemented in the Digital Twin for this purpose.

For the use case "Monitor Wear”, in addition to the evaluation models that convert the
measurement signal into a wear property, an operating strateqy must also be designed so that
a compromise can be made between the amount of data generated and the accuracy of the wear
determination. Therefore, different strategies can be chosen:

1.  Permanent measurement
2. Interval measurement with adaptive adjustment (depending on the operating parameters)
3. Interval measurement

The decision for an operating strategy depends on the specific application case of the gearbox.
In addition, the sensors can also be monitored by the Digital Twin so that faulty measurement
signals do not lead to an incorrect action, e.g., premature or delayed maintenance. When using
multiple sensors, this can be performed via a plausibility check between the measurement signals.
This can reduce the probability of failure. This shows very clearly that the interactions between the
Digital and Real Twin must be analyzed and understood in every phase of life. To do this, all possible
influences must be identified in advance and evaluation methods must be implemented.

4. Discussion and Conclusions

Digital Twins support numerous use cases in the life phases of the products. To
ensure that the use cases can be implemented in a targeted manner, the Digital Twin
Solution must be systematically conceptualized and designed. In this paper, a methodical
approach for determining a target-oriented Digital Twin Solution is presented and applied
to a multi-stage gearbox. By applying the methodical approach, a robust Digital Twin
Solution can be found that supports the use cases, and does not influence the basic system
of the Real Twin too much (according to the harmlessness condition of Hansen [41]).
With the combination of effect chain analysis and detail sensor selection using the SuDE
methodology, target-oriented measurement principles and positions can be determined
for the relevant properties. With these methodological steps, an answer can be provided
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for the first research question (see Section 1). The subsequent systematic analysis of
disturbance factors and influences on the Digital Twin Solution enables the robustness of
the solution variants to be assessed and optimized. A multi-criteria evaluation with the use
of application-specific criteria and criteria on further effects of the variants of the Digital
Twin Solution enables the selection of an appropriate solution. This provides an answer to
research question two. Based on the solution for extending the Real Twin, the modeling
and data management of the Digital Twin can be concretized. In further research activities,
the approach will be validated on additional applications and, if necessary, further detailed.
Among other things, this concerns products in which the basic functions are not primarily
realized via mechanical effects.
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The following abbreviations are used in this manuscript:

ADT Autonomous Digital Twin

DT Digital Twin

FFT Fast Fourier Transform

IDT Informational Digital Twin
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