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Motivation

» SIME (Sensor-integrating Machine Elements)

integrate sensory functions into standard
machine elements

» Established development methodology is

missing!

£ pmd T SIME
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maschinenelemente

Example:
Sensor-integrating gear coupling

Dielectric elastomer
sensor

Initial Research Questions:
1. How can the development of SIME modules be
achieved, enabling users to find new concepts by
widening the solution space?

2. Can the methods usability be increased by
appropriate digital tools?

System Boundary of the Sensor Module

> Signal \/\ﬂ“’> Signal 0 >> .)))> |
‘ S > conversion processing

> Energy Supply @ -]‘
+ finite + known

solution space for all
subfunctions

[1] Menning et al (2025) Forschungim Ingenieurwesen 89(1), 139 (additional picture provided by authors)
[2] Kirchner 2024: A Review on Sensor-Integrating Machine Elements P.3
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Research Questions eschrennants

* RQ1: How can a holistic methodology
for the development of SiIME be
structured?

RQ 2: How can developers’ knowledge
be effectively utilized?

* RQ 1.1: Which methodological substeps need to be " RQ2.1:How cangeneral engmeermg .

, knowledge be permanently incorporated into
considered, and how relevant are they to the user? th thodoloay?
What requirements must the methodology meet? € MEthodology:

*  RQ 1.2: For which of these steps are methods
already available in the state of the art, and to
what extent do they meet the requirements
imposed on the methodology? *  RQ 2.3: How canindividual knowledge be

* RQ 1.3: How can previously unaddressed substeps transferred to permanently used knowledge
of the overall methodology be implemented?

* RQ2.2: How canindividual user knowledge
be incorporated into specific applications of
the methodology?

RQ 3: Can the methods usability, effectiveness and
efficiency be increased by appropriate digital tools?
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Examplary Overall Goal
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Task
Surrounding conditions
Retrofitting condition monitoring

. Rolling
Rolling bearing
bearing

Seal

Shaft-hub connection
Gear

lubrication

Institute for Product Development and Machine Elements | Marius Crucius-Kilian
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Exemplary Overall Goal
Task Methodology Solution
Retrofitting condition monitoring measuring radial force of the motor

Determining

to an old motor

axle through force measuring screw
*  Measuring principle

*  Measuring location
Surrounding conditions (a va | Ia bI e M E)

* Needed components and compatibility

e Robustness/
disturbance variables

*  (Weakening of the ME)

*  Filtering of variants and ranking of
solutions

|
s
{

+ Distinct componentlist forrealisation

[1] hitps://www.spp2305.de/sismak/ (17.11.25)


https://www.spp2305.de/sismak/
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Derivation of the Methodology 5 pmd €
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product planning

Derivation through:

* Existing general
development frameworks

* Analysis of SIME
development processes

VDI 2206 e
(=]

MVM, MBSE, ...

* Requirements

* Literature analysis for
requirements on : __
ystem Boundary of the Sensor Module

development processes > =) o) oo >> 2
9

* Analysis of SIME
y > Energy Supply @

developmentin particular %

oreenreae:

\::jx.%

"
i
e

° 1 1 . .
Questionnaire at SPP2305 ';‘



Macro Structure of the Methodology
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Phase 1 Phase 2 Phase 3 Phase 4 PP.\a.\se 5
Task Clarification Concept System Design Verification
P Architecture 8 & Validation
Iterations
Robust Design Cross-
— phase
Resilient Design larnaine

Testing Through Milestones

Summarized key requirements

* User acceptance * Customizability and usage of user
* Holistic view on sensor modules knowledge
* Rise in result quality * Traceability of results

and development efficiency  Digital support
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Micro-Structure of the Methodology C S omd s &
O’ .. SIME
Exemplary for Phase 1 ety
_____________________ .
Phasel' i Perform Preliminary System :SVStem Analysis
' | Analysis :
Task clarification | : » Relevance of Activities to
: / Analyzed System /, . .
| v | the user can be identified
dentification and [ efine Monitoring Object | | , — through influence analysis
selection of the ME " v :<-> Requirements Elicitation .
:“"""'_"“'_____, i / Monitoring Objective / : ] on reql'“rements
|
: Define Scopeand Identify | ¢ | v i Preliminary Design of ME > For each ACthlty/ step
: ME I ! | Define Quantity of Interest |, . L. L.
| T Col v | individual existing methods
I ! . . )
: / Ctof VI 70 ] Quantityofinterest Identification of can be identified and
1 e e o o o o o e e e e e e e e e e e e - . . .
| v T possible phys. effects requirement fulfillment
i Identify suitable ME | i Directly : analized
: : : measurable : . .
. L as physiaal : » Gaps in the methodological
I X I Identify Suitable quantity? I . ..
: Suitable ME v Surrogate ! support of individual steps
! available : I Quantity/Quantities |
: || BasedonTraceable | become apparent.
: : : Relationship(s) I
| ! | !
| L :




Identification of Insufficiently Supported
Methodology Steps

For each Ativity/ Step

\ 4

Requirements Influence

Literature review of
existing methods

Analysis

Relevance to
user satisfaction

Analysis of degree
requirements fulfillment

\ 4

Comparison

A

\ 4

Ranking of Methodology steps in
regards of research necessity




Existing Methods — State of the Art
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State of the Art

Effect Catalogues by VORWERK-HANDING & KRAUS
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Figure 7. Schematic structure of the effect matrix [Harder et al. 20

Goal: linkage of physical cause and
wanted physical quantity through effect
chains to derive usable sensor principles

o E
E
[

= >

P SIME
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Example: force (interest) - voltage (needed for
ADC) can be linked through

force = strain effect = strain = mechanical
resistance variation = Resistance 2 Ohm's law 2>

voltage
Graphical user interface (GUI)
p '*I"f'*__ iigest0e ‘f ookesches G (allgemei )
~ Selection of
dependent and . p
independent
functional Visual representation of
variables the selected query result
Filter options g
of | for the query ) ciekiiégganning
| poroge siaren Y Eingaben aurichsetzen | _
Ablrageergebnisse Knotenfilterung

List display of all found
effect chains

Filter options

for query
results




State of the Art pmd = SiME

Robustness for Sensory Systems by WELZBACHER ——

y:

= Selection of the intended types of energy
flow in the considered system or types of
o energy flows qgeyirrina in ite anuirnnmant T
= Analysis - Identification of the effect of potential disturbance variables
2
4 tuung —» ADsiand-Verschiebung-Verbirdung > Ab Effeki > elekvische Spanrung ——ffsisos — |
Selection of the underlying effect
chain of thq Analysis - Evaluation of occurring disturbance factors & Decision
O E O
c Selection of @& Evaluation of the criticality of occurring disturbance factors
E O .
' for the seleld

O E O . Significance ~ Significance  Significance

| S Severity Severity of one of one of all
O E O Disturbance-induced data and model uncertainty

Synthesis — Development of potential measures
m o Collection of 1. Selection of di induced data and model inty to b idered 2. Choice of scope of consideration
d @ O IIE Selection of occurring -
Oceurri - occurring potential disturbance factors sa Nom Selection of
oo . disturbance Filte and Collection of critical disturbance T e
Potent!al disturbance factors 0 Facgors ol their impacts factors and their impacts o)
resulting from the selected (user input) R (input of last tab) (input of the last tab)
type of energy flow
g
(output) ( \
- " lected induced data and
Filter options =5 =
i for the query Evahiztoceime forseverity, | Selected critical disturbance factor and its impact
(user input) 3. Measure determination 4. Collection of potential measures
- teria B (
Evaluation scheme for the criteria [
Stop query . )
Severity of a disturbance factor Collection of potential
: : and ) Display window measures for consideration
Severity of a dlstgr f)atnce factor impag@ for user questions of critical disturbance factor
(Output) (user input) and its impact
.
Goal: L [ > ] [~

Send to “Synthesis — Evaluation & .."

Systematic identification and management of critical
disturbance factors to develop robust sensory functions and
ensure reliable measurement data.




State of the Art
Combination and Selection Method by KILIAN ET AL.

Input of measurands

~preferred” sensor

Choosing of

Iterative filtering and

. I-‘ T -
and requirements | components out of
#_58|Tool~ Set Requrements
criterion W ie |~ Mlvalee it Mo min value max vahus selection | Use selectioncriterion? | Required Subfunctions
stationary Akquire sig ]
Rotating system? escilating Fier signal
rotating Convert signal
pe Gache signal
Physical Effect resistive T Transter signa
acoustic Supply energy
™ Transfer energy
Measuring range lower end 0,001 100 mmn T control energy transfer
Measuring range upperend | 0.1 100000 mm Send signal
precision 005 10 % ™ Receive si gnal
(Dejactivate signal
Resolution oo o1 Y e
Analogidigital [ anaiog | r Marage Database
Wanufacturer Partial Solution Overview:
Akquire signal

v

r

Photo CCD Detector

Model pmd 352819

Piezo-Element

Model pmd 63292-50

More Information

More Information

Continue Combination |

combining by

automated logic

__

r

Generate

combined
properties

:

P SIME
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-~

Display of combined
& evaluated solutions

and embodiment
guidelines

Filter

combinations

Create next
combinations

Filter nex !
possible P «

for current

=

Solution-Space

Solutions  subfunctionA  SubfunctionB  Subfunction C
PS1 Ps2 PS3
Solution 1 P3 PS PS
Properties Properties Properties
PS4 PS5 PS6
Solution 2 PS PS Ps
Properties Properties Properties

- [m]

Actions

Show aggregated
properties

Show aggregated
properties

Delete selected
solutions

X
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Detaillation of Funtion Structure — SPP2305 + Enhancement ot

—
il

* Additional functions are analyzed; e.g.
* ,Sleep*/Standby-Mode
* Update & Calibration
* Data & System Control

*  Functions are decomposed into subfunctions
—> e.g. for Energy supply:

F e e e e System Boun

tem Boundegy .

I [Other system elements (PF)]  [System control I
I 4 Hlbernatii)n mode

Transfer
energ
Control energy
Store ener; ..
Supply energ

System y af the Sensor Module

- e _—
=T Slgnal Signal Signal
. O—@
Data acquisition converslor\ processlng transfer
Energy Supply @ >

L] L] L] —_— L] —_— — —_— —_— —_— —_— L] L] L] —_— L] —_— — —_—
Environment
[17 https:/www.spp2305.de/sismak/ (17.11.25) | [2] (04.12.25) | [3] (04.12.25) | [ﬂmwmwmmmw
Institute for Product Development and Machine Elements | Marius Crucius-Kilian ble-introduction-part-1/ (04.12.25) | [5] https/shop.ah b endsch _knonfbatterie-1.5v-sch batterie-n90262401 (04.12.25) 15
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State of the Art

Function Structures Importance for the Development Method

* Additional functions are analyzed; e.g.

* Sleep*/Standby-Mode
e Update & Calibration
* Data & System Control

* Functions are decomposed into subfunctions
—> e.g. for Energy supply:

System Boundary

|Other system elements (PF)|
3

System control/

Hibernation mode

Environment

¥ I
Transfer |
| energy 4-I ¥
A
Store ener 5 Control energy
gy f transmission
t Harvest/ Energy
I
Supp yAenergy Management

-~

SIME

pmd €

produktentwicklung
maschinenalemente

SiME function structure enables the method
development towards supported conceptualization

» Allows systematic analysis of suitable partial
solutions for all identified subfunctions

» Database contains reasonable function carriers and
their properties for all identified subfunctions

»  Sequential combination logic of the search algorithm
uses subfunctions and their interdependencies

Function
structure

Literature/

Existing SIME Requirements
l - ! ' l
Partial Logic for
solutions [€*| Database »  combination [——
. Solution
(PS) and selection
concepts




Methodological Steps Identified as
Most Relevant for Further Research

Focus Topic 1: Focus Topic 2: Focus Topic 3:
Measurement task 2 measurand Design for robustness Combination and selection of
and measruement location module-components
Extremely complex step with highest  High relevance for functional safety Most relevant step of the concept
impact on following development phase
steps
» Especially insufficient: » Especially insufficient » Especially insufficient:
» Linkage of effect chains to » Early stage evaluation of » Selection through
sensory principles disturbance impacts compatibility checks of
» ldentification of potential » Continuos usage of electronic components
measurement locationina robustness as evaluation » Evaluation of solutions
system context criterion » Building space check
» Combining existing machine » Recommendations for
elements with effects that countermeasuresin the

can be utilized within them design phase.



Methodological Steps Identified as
Most Relevant for Further Research

Focus Topic 3:
Combination and selection of
module-components

Most relevant step of the concept

phase

» Especially insufficient:

>

Selection through
compatibility checks of
electronic components
Evaluation of solutions
Building space check



Compatability Checks

Description of Components

Component

— |

@ pmd €

-~

S I I I E
produktentwicklung l
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Signal Port

Interface 1

Interface 2

Bl

Ports

Port 1

Port 2

name

contains SignalPorts

General Attributes of components,

interfaces and technology profiles

As well as

Individual attributes for different

technology profiles

contains EnergyPorts

contains
Couplinglnterfaces

standards

source

General

name
direction: input f output / bidirectional
signal_domain: electrical / optical /
electromagnetic / acoustic

port_type: measuremeant_output /
control_input / data_interface / status_outpup
role: sender f receiver / master / slave / client/
server/central/ peripheral

Signal Description

signal_type: analog [ digital / PWM / bus /
wireless packet

measured_guantity

data_format

value_range

Unique name o

the port.

Reference to the containedsignal ports.

Reference to the contained energy ports.

Reference to the associated couplinginterfaces.

References to relevant standards, specifications, or

protocols.

Source of the information, e.g., data sheet, norm, ...




Compatability checks
Compatability Rules

Basic Compatability Rules

Rule 1 Rule 2
CP1.Parametersl.id =CP2.Parameters2.id CP1.Parametersl.id =CP2.Parameters2.id
CP1.Parametersl.value=CP2.Parameters2.value CP1.Parameterl.value<CP2.Parameters2.maxValue
CP1.Parametersl.unit=CP2.Parameters2.unit OR CP1.Parameterl.value >CP2.Parameters2.minValue
CP1.Parameterl.unit=CP2.Parameters2.unit
,Parameters of components must be equal” ,Parameters of one component must be larger or
e.g. working voltage smaller than the ones of the other”

e.g. downwards compatability of protocols

Individual Rules by developers are potentially needed to enhance efficiency
» For combination of two interfaces, compatability rules for ALL ports must be evaluated



Compatability checks

Adaption of Combination Method by KiLIAN

o [roson

1 Functional pre-filtering of suitable single
components by requirements

2 Development of a measurement-chain
solution proposal (SP)

3 Calculation of the SP’s energy demand
4 Analysis and clustering of the SP

5 Derivation and design of the Energy
Network

6 Installation-space and integration check
7 Plausibility and feasibility check of the SP

8 Comparison and evaluation of different
SPs

SF_1

®o—
o

SF_ 2

ngzn

Dpmd - SiME
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SF_n-1

wn
B
=}

e mé
G |

SF - Subfunction



Evaluation of concepts @ pmd < Sei?M E
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Manual
Compromise
Solution

No

]

Solution Output

Requirementy Select and extend [€ Adjust fixed and p\r’i\ﬁ:ﬁ;‘;'ﬂgng‘of -
User Specification requirements range requirements Criteria
No
Y
Final Weighting
Programme Re E:Jti?urai:ems Define Overall | | Derive Evaluation | Database of Evaluation Criteria
q List Requirements Criteria
1S Solution = 80%

(or Other Defined
Threshold)

Yes

Overall Methodology]

Compatibility Step | . Solution Set from
! he Compatibility Step

__________________ Percentage-Based
Evaluation

Y

Definition of 25 evaluation criteria divided in 7 macro-categories
- Macro-categories based on Trade-Offs between criteria

- Identification of criteria basis weighting for SIME development context



Summary Do Gme
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* RQ1: How can a holistic methodology

for the development of SiIME be
structured?

RQ 2: How can developers’ knowledge
be effectively utilized?

RQ 1.1: Which methodological substeps need to be " RQ2.1:How cangeneral engmeermg .

, knowledge be permanently incorporated into
considered, and how relevant are they to the user? th thodoloay?
What requirements must the methodology meet? € methodology:
RQ 1.2: For which of these steps are methods
already available in the state of the art, and to
what extent do they meet the requirements
imposed on the methodology? *  RQ 2.3: How canindividual knowledge be

RQ 1.3: How can previously unaddressed substeps transferred to permanently used knowledge
of the overall methodology be implemented?

* RQ2.2: How canindividual user knowledge
be incorporated into specific applications of
the methodology?

Q RQ 3: Can the methods usability, effectiveness and
efficiency be increased by appropriate digital tools?



Future Steps
Optimization of Focus Topics 2&3

Focus Topic 1:

Focus Topic 2:

Measurement task 2 measurand Design for Robustness

and measruement location

Extremely complex step with highest  High relevance for functional safety

impact on following development

steps

» Especially insufficient:

» Especially insufficient

» Linkage of effect chains to » Early stage evaluation of
sensory principles disturbance impacts

» ldentification of potential » Continuos usage of
measurement locationina robustness as evaluation
system context criterion

» Combining existing machine » Recommendations for

elements with effects that
can be utilized within them

countermeasuresin the
design phase.



Proposal / Invitation @ pmd < Sei?M E

Do these results match your experience?

Proposal: (Review-)Paper

» Which individual development processes If interested, register

were used in your project? via Q,R'Co,de' Mail or
physical List

355 ]
o

https://forms.gle/F934YprtPC8bFNeZ&

» What success factors or drawbacks were
experienced?

» Can this process be described by the
presented methodology?

» Would the methodology proposed support
the development of new SIME?



https://forms.gle/F934YprtPC8bFNgZ8
https://forms.gle/F934YprtPC8bFNgZ8
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Function Structure of SIME pmd = SiME

praduktentwickhing

Primary Insulate from
function ME disturbance
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