
 

This work presents a procedure for measuring the contact normal 
force at various contact points in electrical connectors. Both, the 
production of connectors and the subsequent quality control lead 
to specifications for sensors and corresponding measuring devices. 
This results in geometric sensor designs for different connector 
sizes and the development of a model for the sensor elements. In 
the model describes the behavior of bias point, mechanical stresses 
and the position of sensor elements in order to achieve sufficient 
sensitivity while keeping the susceptibility to breakage low. Based 
on the derived geometrical dimensions for fabrication, requires a 
favourable selection of MEMS processes to fabricate the silicon and 
metal components. The work describes the obtained results for the 
manufactured sensors in more detail and presents the packaging 
technology. Subsequently, the connection of the sensor to a data 
acquisition unit is necessary. The development and characterization 
for the corresponding electronic solution are explained. Together 
with the developed software, this offers a universal environment for 
use in the two system variants. These variants form the environment 
for verifying the suitability of the sensor as a measuring means in 
the contact normal force determination. For this purpose, measuring 
capability investigations provide results supporting the feasibility of 
the approaches. Finally, a comparison of the procedures, devices 
and sensor characteristics build the basis towards an outlook of a 
small production series.
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Zusammenfassung 
 
In dieser Arbeit wird eine Vorgehensweise zur Messung der Kontaktnormalkraft an 

verschiedenen Kontaktpunkten in elektrischen Steckverbindern vorgestellt. Basierend 

auf den Anforderungen in der Produktion von Steckverbindern und der nachfolgenden 

Qualitätskontrolle werden Spezifikationen für Sensoren und entsprechende 

Messvorrichtungen abgeleitet. Daraus folgend entstehen geometrische Designs für 

verschiedene Steckverbindergrößen und die Erarbeitung eines Modells für die 

sensorischen Elemente. Im Modell wird die Einstellung des Arbeitspunkts, die 

Einstellung der mechanischen Spannungen und die Position von Sensorelementen 

erarbeitet, um eine ausreichende Sensitivität zu erreichen und dabei die 

Bruchanfälligkeit gering zu halten. Anhand der abgeleiteten geometrischen 

Abmessungen für die Fertigung, werden MEMS-Prozesse ausgewählt, die zur 

Bearbeitung und Herstellung der auf Silizium und Metall bestehenden Sensoren dienen. 

Das Ergebnis eines gefertigten Sensors wird dabei näher erläutert und die Aufbau- und 

Verbindungstechnik vorgestellt. Anschließend ist die Anbindung des Sensors an eine 

Datenakquiseeinheit notwendig, wofür eine entsprechende elektronische Lösung 

erarbeitet, untersucht und vorgestellt wird. Zusammen mit der entwickelten Software 

bietet diese eine universelle Umgebung zum Einsatz in den zwei Systemvarianten. Diese 

Varianten bilden die Umgebung zur Verifizierung der Eignung des Sensors als 

Messmittel in der Kontaktnormalkraftbestimmung. Hierzu werden 

Messfähigkeitsuntersuchungen angestellt und die Ergebnisse ebenfalls erläutert. 

Zusammenfassend werden die Verfahren verglichen, Charakteristika der 

Sensorgeometrien anhand von Kennlinien beschrieben und ein Ausblick in Richtung 

Aufbau einer Kleinserie gegeben.  

 

 

 

 
 
 
 



   

II 
  

Abstract 
 

This work presents a procedure for measuring the contact normal force at various contact 

points in electrical connectors. Both, the production of connectors and the subsequent 

quality control lead to specifications for sensors and corresponding measuring devices. 

This results in geometric sensor designs for different connector sizes and the 

development of a model for the sensor elements. In the model describes the behavior of 

bias point, mechanical stresses and the position of sensor elements in order to achieve 

sufficient sensitivity while keeping the susceptibility to breakage low. Based on the 

derived geometrical dimensions for fabrication, requires a favourable selection of 

MEMS processes to fabricate the silicon and metal components. The work describes the 

obtained results for the manufactured sensors in more detail and presents the packaging 

technology. Subsequently, the connection of the sensor to a data acquisition unit is 

necessary. The development and characterization for the corresponding electronic 

solution are explained. Together with the developed software, this offers a universal 

environment for use in the two system variants. These variants form the environment 

for verifying the suitability of the sensor as a measuring means in the contact normal 

force determination. For this purpose, measuring capability investigations provide 

results supporting the feasibility of the approaches. Finally, a comparison of the 

procedures, devices and sensor characteristics build the basis towards an outlook of a 

small production series. 

 
 
 
 
 
 
 
 
 
 



Contents 

 III   
 

Contents 
List of Abbrevations .................................................................................................... VII 

List of Figures ............................................................................................................... IX 

List of Tables .......................................................................................................... XVIII 

1 Introduction ............................................................................................................. 1 

1.1 Quality issue of connectors for automotive....................................................... 1 

1.2 State of the art.................................................................................................... 2 

1.3 Sensor and system design approach .................................................................. 3 

1.4 Requirements ..................................................................................................... 4 

2 Theoretical background and state of the art ............................................................ 6 

2.1 Application focus: Connector quality ............................................................... 6 

2.1.1 The normal force within the electrical contact resistance equation ........... 8 

2.1.2 Visual inspection as state of the art quality control .................................. 10 

2.1.3 Contact force measurement ...................................................................... 10 

2.2 Principles of strain gauge measurement .......................................................... 11 

2.3 Sensor characteristic curve .............................................................................. 14 

2.4 Assessment of the measurement system capability ........................................ 16 

2.4.1 Measurement system analysis procedure 1 (MSA1) ................................ 17 

2.4.2 Measurement system analysis procedure 2 (MSA2) ................................ 20 

3 Simulation and modelling approach ...................................................................... 23 

3.1 Sensor model ................................................................................................... 25 

3.1.1 Probing tab metal outside approach (MOA) ............................................ 27 

3.1.2 Comparison of analytical and numerical approach .................................. 27 

3.1.3 Sensor design variant with metal inside approach (MIA) ........................ 31 

3.2 Ideal approach for slope characterisation ........................................................ 33 

3.3 Prediction of sensor crack ............................................................................... 34 

3.4 Influence of load position with one contact point ........................................... 36 

3.5 Conclusion ....................................................................................................... 37 

4 Packaging............................................................................................................... 37 

4.1 Requirements ................................................................................................... 38 

4.2 Electrical Contacting ....................................................................................... 39 

4.3 Encapsulation .................................................................................................. 41 

5 Sensor design and fabrication process ................................................................... 42 

5.1 Process flow metal inside approach (MIA) ..................................................... 43 



  Contents 

IV 
  

5.2 Realized Sensors with metal outside approach (MOA) .................................. 46 

5.3 Sensor development with metal inside approach (MIA) ................................. 51 

5.4 Processing results for inner metal layer approach (MIA) ............................... 53 

5.5 Investigation of abrasion for metal inside approach (MIA) ............................ 55 

5.6 Discussion of manufacturing ........................................................................... 57 

6 Electronic circuitry ................................................................................................ 58 

6.1 Excitation principle ......................................................................................... 60 

6.2 Electronics set-up ............................................................................................ 62 

6.2.1 Multiplexer unit ........................................................................................ 62 

6.2.2 Microcontroller ......................................................................................... 63 

6.3 Firmware ......................................................................................................... 65 

6.3.1 Programming sequences ........................................................................... 65 

6.3.2 Current calibration routine ....................................................................... 66 

6.3.3 Sensing routine ......................................................................................... 67 

6.4 Measurements results for single stages ........................................................... 68 

6.4.1 Current source stability and characteristics .............................................. 68 

6.4.2 Operational amplifier input stage for AFE ............................................... 70 

6.4.3 Multiplexer ............................................................................................... 71 

6.4.4 Electromagnetic Interference .................................................................... 72 

6.5 Verification of measurement ........................................................................... 73 

6.5.1 General ...................................................................................................... 73 

6.5.2 Sensor data rate ......................................................................................... 74 

6.5.3 Verification of the calibration routine ...................................................... 74 

6.5.4 Evaluation of sensing routine ................................................................... 75 

6.5.5 Influence of temperature on the measurements ........................................ 76 

6.5.6 Measurement with channel selection........................................................ 78 

7 Software ................................................................................................................. 80 

7.1 Concept ............................................................................................................ 81 

7.2 Realization of the system description.............................................................. 84 

7.2.1 Data flow .................................................................................................. 87 

7.2.2 Motion Control ......................................................................................... 87 

7.3 Shared Object .................................................................................................. 89 

7.4 Software conclusion ........................................................................................ 90 

8 Calibration ............................................................................................................. 90 

8.1 Requirements for calibration tool/jig .............................................................. 91 



Contents 

 V   
 

8.2 Jig concept ....................................................................................................... 92 

8.3 Realized Jigs .................................................................................................... 93 

8.3.1 PCB clamp type ........................................................................................ 93 

8.3.2 Moving table jig for metal outside approach (MOA) ............................... 94 

8.3.3 Moving screw jig for metal inside approach (MIA) ................................. 95 

8.3.4 Plier type for XYZTEC and metal inside approach (MIA) ...................... 96 

9 Sensor Characterization Results ............................................................................ 96 

9.1 Comparison of simulation and experiment (MOA) ........................................ 97 

9.2 Slopes of the metal outside approach (MOA) ................................................. 97 

9.3 MSA1 with the metal outside approach (MOA) ............................................. 98 

9.4 MSA2 with the metal outside approach (MOA) ............................................. 99 

9.5 MIA Characterization .................................................................................... 101 

9.6 MSA1 with the metal inside approach (MIA) ............................................... 102 

9.1 MSA2 with the metal inside approach (MIA) ............................................... 104 

10 Testing system solution .................................................................................... 105 

10.1 KNM Concept ............................................................................................ 105 

10.1.1 Components and functional structure ................................................. 106 

10.1.2 Prototype CAD Design and requirements ........................................... 107 

10.1.3 Realization ........................................................................................... 108 

10.1.4 Documentation and organization for further development process .... 111 

10.1.5 Prototype series ................................................................................... 112 

10.1.6 Sensing head for KNM........................................................................ 113 

10.2 Normal force sensor integration in XYZTEC Condor Sigma ................... 114 

10.3 System comparison .................................................................................... 115 

11 Normal Force Measurement ............................................................................. 116 

11.1 Results for static measurement approach for MOA................................... 117 

11.2 Results for dynamic measurement approach for MIA ............................... 119 

11.2.1 Settings and devices ............................................................................ 119 

11.2.2 General behavior of the single meanders ............................................ 119 

11.2.3 Normal force calculation ..................................................................... 121 

11.2.4 Evaluation of the algorithms - Measurements with PT1206 .............. 124 

11.2.5 Measurements with PT1515 ................................................................ 126 

11.3 Speed dependence ...................................................................................... 130 

11.3.1 PT1515 at KNM .................................................................................. 130 

11.3.2 PT1515 at XYZTEC ........................................................................... 133 



   

VI 
  

11.4 Temperature influence in MIA at KNM .................................................... 134 

11.5 Conclusion of the experimental part .......................................................... 136 

11.6 Discussion .................................................................................................. 138 

12 Conclusion and outlook .................................................................................... 139 

Bibliography ............................................................................................................... 142 

Appendix A ................................................................................................................. 152 

Appendix B LV214 ................................................................................................. 152 

Appendix C Silicon abrasion and lubrication .......................................................... 155 

Appendix D Electronics ........................................................................................... 157 

Appendix E Software .............................................................................................. 161 

 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 




