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Derivation of requirements and compatibility conditions for the modular sensor system, 
followed by component selection for a sensor-integrating bolt, interface specification, 
and system integration.

Developing the Microelectronic Sensor Systems

Sensor-integrating Bolts and Methodological Approach

Analysis of requirements, followed by integration and testing of the sensor-integrating 
bolt. The resulting test procedures and findings are generalized for SiME.

Operation and Verification of SiME

Research into a modular system (modular kit) for sensor systems and 
development configurator, initially demonstrated using sensor-
integrating bolts and subsequently generalized to other SiME.

The modular system is represented in a system model using SysML and 
serves as the source of truth. The configurator is linked to the system 
model and provides solutions based on various optimization strategies.

Methodological Approach

Kirchner et al. 2024; Küchenhof et al. 2024
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Along with the first modular system, a 
corresponding configurator was implemented, and 
an approach incorporating various artifacts and 
tools was formulated.

First Systems Model and Configurator

Results of the First Phase

A sensor system derived from the modular system 
was validated. The physical architecture of the SiME
bolt was developed and also validated.

Sensor System and Physical Architecture

Predefined breaking line

Microcontroller

Inertial measurement unit 

Memory

Temperature sensor

Strain gauge amplifier

Board front and back view

Carrier
structure

M12 bolt

Configuration data

Modular system

Configuration

Input data

Component database (Off-the-Shelf)

 Geometric parameters,
 Electronic specifications,
 Operating conditions, etc.

Development models

 Use-Case Diagramm,
 Requirement diagram,
 Tree of Variety,
 Module Interface Graph,
 Network diagram

Alternative system architectures

Simulation input

 Configuration value vector,
 Algorithm,
 Configuration network diagram

Configuration under 
boundary and 

compatibility conditions

Selected system
configuration

Performance criterion
(installation space, energy, 

data)

Küchenhof et al. 2024; Häfner et al. 2026
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Strategy: Optimizing Energy Consumption

The demonstrator is used to develop a strategy for energy optimized sensor system configurations:

1

Sensor-integrating Bolt
Demonstrator

Base Line · 
Model Verification · 

Physical Testing

2 3 4 5

Configuration Strategy: 
Energy Optimized

Requirement Filtering · 
Energy Ranking · 

Selection

Choose Operation 
Strategies

Operating States · 
Duty Cycle · 

Activation Times

Improve System

Consumer Ranking · 
New Components · 

States

Track Energy 
Consumption

Components · 
Operations · 
Parameters
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Power Requirement Analysis

Relative to the duty cycle, different components 
exhibit varying behavior in terms of energy 
consumption.
To characterize their behaviour, three different 
strategies of operation are defined:
 100 % duty cycle (continuous)
 010 % duty cycle
 001 % duty cycle

Energy Consumption Behavior 

Components / Operations
Electrical Power at Different Duty Cycles [mW]

Continuous 10% duty 1% duty

3x Strain Gauges; no switch 23.2 23.2 23.2

Microcontroller 1 25.0 2.6 0.3

… … … …

CMOS Switch bias/leakage 3.3 x 10-5 3.9 x 10-5 4.0 x 10-5

Total average 58.7 27.3 23.6

Averaged power over the duty cycle for the sensor-integrating 
bolt demonstrator at 3.3V (Version1):

Components / Operations
Electrical Power at Different Duty Cycles [mW]

Continuous 10% duty 1% duty

3x 1 kΩ Strain Gauges Bridged 28.8 2.9 0.3

Microcontroller 2 24.1 2.5 0.3

… … … …

CMOS Switch bias/leakage 3.3 x 10-5 3.9 x 10-5 4.0 x 10-5

Total average 63.2 6.3 0.6

Averaged power over the duty cycle for the sensor-integrating 
bolt demonstrator at 3.3V (Version2):
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MCU
Sensor Circuit

ADC
IMU

Temp. sensor
Calculation

BLE

Event Length of one Duty Cycle

0 10 20 30 40 50 60 70
Elapsed time (ms)

0 10 20
Elapsed time (s)

Event Train for 20 s:
event eventeventevent

155

Out Strategy: 1% Duty Cycle
A 64 ms measurement event repeats every 6.4 s and the node sleeps for about 6.3 s between events (f=0,16 Hz).
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Power Requirement Analysis on Demonstrator

Components / Operations
Electrical Power at Different Duty Cycles [mW]
Continuous 10% duty 1% duty

3 Strain Gauges 28.8 2.9 0.3

Microcontroller 2 24.1 2.5 0.3

… … … …

CMOS Switch bias/leakage 3.3 x 10-5 3.9 x 10-5 4.0 x 10-5

Total average 63.2 6.3 0.6

Averaged power over the duty cycle for the sensor-integrating 
bolt demonstrator at 3.3V (Version2):

Design Changes:

Switch the strain path

Use 1% duty cycle

Select 1 kΩ full bridges

Migrate to different Microcontroller

0

5

10

15
Source Current (mA) at 3.3V

0 10 20 30 40 50 60 70

Elapsed time 
from RTC wake 
event (ms)
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Configure for Energy Efficiency

Selection 
of ConfigurationMechanics Energy Consumption Ranking

Filter component 
parameters 
(measurement range, 
temperature, 
functional coverage, 
…).

Check the installation 
space and the 
permissible structural 
weakening.

Estimate power 
consumption 
(forecast) of 
alternatives based on 
steady-state power 
and duty cycle.

Component ranking 
based on the energy 
requirements of the 
alternatives.

Choice of a sensor
system configuration.

Functional Requirements

Step 2Step 1 Step 3 Step 4 Step 5

… but forecast ≠ evidence
An energy-optimized alternative is only reliable once the model assumptions and 

requirements have been tested under realistic conditions.
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Strategy: Deriving Test Procedures from Requirements

The demonstrator is used to develop a strategy for energy optimized sensor system configurations:

1

Configuration
Requirements

Conditions · 
Mechanics · 

Lifetime

2 3 4 5

Testing Procedures

Suggestions · 
Experiences · Test 

Levels (Components, 
Systems, …)

Verifiable
Requirements

Real Uncertainty ·
Component 
Variation · 

Interactions

Selection 
of Configuration

Ranking · 
Alternatives

Energy Forecast

Components · 
Duty Cycle
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Overview Possible Test Processes

• Testing
measurement 
precision & 
accuracy in lab

• Testing precision & 
accuracy under real 
conditions

• Testing drift of SGs 
under thermal load

• …

Sensory Function & 
Measurement 

Quality

• Load-bearing 
capacity 
calculations for 
weakened bolt

• FEM-Analysis to 
check influence of 
shank bore

• Tensile test on bolt 
to verify theoretical 
analyses

• …

Mechanical Primary 
Function

• Calculation of 
required power and 
energy

• Simulation of EM 
compatibility & 
heating

• Measurement of 
energy 
consumption under 
thermal load

• …

Energy Consumption

• Calculation of 
damage intervals 
for mech. structure

• Heat cycling test
for electronics

• Long term heat 
exposure test
under load

• …

Lifetime and 
Durability

• Proof of 
concept using 
artificial 
excitation

• CAD-Modelling 
for size fitting

• …

Further Areas 
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Classification of Test Procedures

VDI/VDE 2206:2021

Testing

Hybrid PhysicalTheoretical

HIL SIL

Simu-
lation

Model-
ling

Calcu-
lation

Inspec-
tion

Demon-
stration TestDemon-

stration Test Demon-
stration Test

deter-
ministic

semi-
deter-

ministic

proba-
bilistic

FEM

Esti-
mation

Com-
parison

Load-bearing
capacity

calculations for 
weakened bolt

Proof of 
concept using 

artificial 
excitationFEM-Analysis 

to check 
influence of 
shank bore

CAD-Modelling 
for size fitting

Testing drift of 
SGs under

thermal load
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Testing

Hybrid PhysicalTheoretical

HIL SIL

Simu-
lation

Model-
ling

Calcu-
lation

Inspec-
tion

Demon-
stration TestDemon-

stration Test Demon-
stration Test

deter-
ministic

semi-
deter-

ministic

proba-
bilistic

FEM

Esti-
mation

Com-
parison

Classification of Test Procedures

VDI/VDE 2206:2021

Test Procedures

Estimation

Comparison

Calculation

Simulation

Modelling

Demonstration

Inspection

Test
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From Requirements to Tests

Limited data available, as research and industry 
have different requirements:
 The lack of a specific application scenario leads 

to implicit requirements
 A reduced focus on commercialization results in 

generic customer needs
 A focus on general feasibility causes detailed 

requirements management to take a back seat

How to Derive Test 
Procedures and Test 

Requirements? RequirementsRequirements

Need for further research on data collection.
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Requirements

Properties
Limit values
Load Cases

Temperature
…

Deriving Test Procedures from Requirements

Proposed Test Specification

Proposal
Approval remains an expert 

decision.

Requirements + selected alternative ⇒ specific, traceable test procedure proposal

Test Procedures

Estimation

Comparison

Calculation

Simulation

Modelling

Demonstration

Inspection

Test
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Model-Based Linking

Requirements

Properties
Limit values
Load Cases

Environment
…

Configuration

Alternatives
Ranking

Test Suggestions
…

Energy Model

Duty Cycle
Operating States
Activation Times

…

Test Model

Classes
Descriptions

Examples
…

within configuratorsatisfy

verify

calculate

evaluate
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Model-Based Linking

Developer

Model Software

Views
Consistency checks

Confirmations
Releases

Connector

System Architect

MiMoSe Configurator

Connector

Configuration

Maintenance

Configurator
Database
 Format: SQL
 Module kit

System model (Single Source of Truth)
 Format: SysML (v2)
 modular product architecture of the sensor systems
 Module kit: components, modules, systems
 Energy model and Test model
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Configurator: Current Status

Currently Implemented

✓

New generation configurator for
space optimized configurations

Capture requirements and boundary 
conditions

Calculate mechanical element 
parameters

Filter admissible configuration 
alternatives

Handle multi-functional components

Present solutions in a comparable 
form

✓

✓

✓

✓
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Energy Demand Prediction

Partially Implemented

✓

Energy-related Metrics For Each 
Alternative

Component parameters
I(active), I(sleep), U, …

Operating profile
states, frequencies, duration

Calculation
P̄, energy demand, lifetime

Decision
filtering, ranking

X

~

~
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Test Planning

Requirement Specification + Selected 
Alternative

Rule-Based Derivation
Parameters from requirements

Verification methods for component types

Test Procedure Proposal
Setup · Load profile · 

Measured quantities · 
Acceptance criterion · Traceability

Expert Review Remains Mandatory
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Interim Status of Configurator

We also present the current configurator live at our conference booth

Visit us, try a configuration, and discuss the configurator with us!

Energy Consumption

Duty Cycle · Standby Current · 
Peak Load

Data Transmission

Range · Reliability · Safety

Testing Procedures

Actual loads · Measurable 
Criteria

Data Optimization

Sampling Rate · 
Preprocessing

Energy Harvesting

Source · Conversion · 
Availability

Update Strategies

Safety · Low-energy · 
Roll-backs
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Thank you for your attention!

The project MiMoSe II (project number 551485258) is funded by the German Research Foundation (DFG) as part of SPP 2305
(project number 441853410). The authors are responsible for the content of this presentation.
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