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Abstract: Electro-mechanical switch reliability is a critical issue in the automobile industry. While physical
tests are used to evaluate reliability, adequate sample size is a challenge. It is essential to design Reliability
model using physical as well as digital simulation data. Such “Phygital Reliability Model” will be useful to
improve the overall prediction accuracy and pave the path for fully digital reliability model. The paper
presents an experimental study of switch reliability parameters and proposes a “Phygital Reliability model”.
A methodology used analyses electrical and mechanical parameters of a switch in physical domain and
simulated data in digital environment. During this process, the design specifications for Roof lamp Switch are
collected, the environmental parameters such as temperature, humidity and vibration are measured, and
electrical load analysis is conducted. The switch contact geometry, one of the major parameters that affect
contact resistance, has been elaborated holistically. The obtained results are used in statistical model to
forecast the switch life. This methodology can be further extended to all electromechanical switches in
automotive industry.

Index Terms - Regression, Reliability, FEA.

|. INTRODUCTION

Electromechanical switches are an integral part of vehicle architecture in today’s scenario as electrical
components are constituting major part of current automobiles. Therefore, timely validation of switch
performance is one of the key deliverables for meeting project timelines. The conventional way to validate
switch reliability is the physical testing of it under different operating conditions. Measurement of electrical
parameters at the end of the test and conclusion regarding achievement of target life is sole purpose in this
case. It is possible to capture variation in mechanical properties of switch geometry, which will improve
robustness of the validation process. While physical validation is comparatively accurate in simulating actual
operation scenario, it takes too longer time and become constraint considering cost and time required. In this
paper authors are proposing an alternative approach to validate switch performance at digital level. This model
will take mechanical and electrical parameters as an input and predict switch reliability parameters as the
output. The detailed methodology and proposed workflow are discussed in digital validation segment of this

paper.
Il. PHYSICAL VALIDATION

To predict the life of a switch, endurance test is the general choice for validation. Here in this work,
endurance test for simulating switch life is considered. VVoltage drop across terminals is selected as parameter
to define reliability at the end of the validation. Switches are subjected to three different temperatures during
the test and cumulative cycles are noted. Up to 10000 cycles of target life the endurance test is continued. The
results are noted and compared to initial values.
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Table 1 shows the details of measurement, all these data points are indicative values.

Cumulative Operating | Temperature | Sample | Sample2
Initial Value 27 deg. C 410 |4.32mV
5000 27deg.C | 42mV | 4.42mV

7500 50deg C 43mV | 45mV

10000 -10deg C 397 [427TmV

Table 1: Cycle vs Voltage Drop
During physical endurance testing of switch, the rated voltage 13.5V is considered and supplied through the
regulated voltage supply. During on-off cycle the switch was connected to electrical load.

Physical Validation Analysis and Scope:

Physical validation for these switches took around one month and also have limitations on sample sizes (only
two in this case). Due to low sample size, it is not often feasible to model the switch parameters vs time which
is key to life estimation of the switch. But the physical validation provides very useful insight which can be
used in planning digital validation. Voltage drops changes significantly over time; our scope of digital
validation is based on voltage drop prediction.

I11. DIGITAL VALIDATION

Before modeling in Digital domain, it was necessary to understand different properties that influence the
reliability of contact switches. Switch life is affected by mechanical as well as electrical aspects. Hence both
mechanical as well as electrical parameters are considered in physical testing as well as Digital simulation.
Certain physical phenomena affect the endurance life of a contact switch, those are, contact geometry, contact
material, operating force, operating voltage, temp, humidity, vibration, and operating cycles [1,2,3,4,5,6].
Electrical aspects such as voltage & current are major factors leads to degradation of switch life. If current or
voltage is higher than specified design value, it results in wear out of the switch contacts and results in
reduction in switch life. During simulation the rated voltage (13.5V) of the switch was considered.
Deformation of contact area under influence of switch operating force [8] over usage cycles largely affect the
contact resistance and subsequently the voltage drops. Reference [6] elaborately described contact resistance
calculation based on geometry and mechanical properties of contact material. Reference [1,7] proposed FEA
model to predict contact resistance. An increase in contact resistance of the switch over time results in increase
in voltage drop across terminals and thus affect the desired performance. Next section describes the simulation
of voltage drop across terminals after certain switch on off cycles under given operating force.

1V. RELIABILITY MODELING APPROACH IN DIGITAL DOMAIN

Finite Element Analysis (FEA) platform is used here for digital simulation.
Following is the workflow of voltage drop simulation (refer Fig 1):
1. Created 3D geometry for switch contact area in Pro-E.
2. 3D meshing of the contact surface
3. Selected Electrical stimulation in Flux 3D
4. Chosen Copper alloy as Contact Material for better electrical properties
5. Identified voltage measuring nodes in application circuit
6. Switch operating force profile of 5N over on-off cycles of 25000 is taken as mechanical input. Temperature
and vibration based on vehicle operating condition is set at given level.
7. Rated voltage & Current considered during the circuit simulation
8. Voltage drop measured at different cycles of operation and results are summarized.
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V. SIMULATION RESULT

With the inputs mentioned in the step 6,7 & 8 of previous section, voltage drops across terminals are
measured. Operating cycles vs voltage drop is shown in Table 2. The simulation results are considered at
temperature 27deg c.

Cumulative Temperature | FEA output
1000 27 deg C 4.00 mV
5000 27 deg C 4.10 mV
10000 27deg C 4.12 mV
15000 27 deg C 4.15 mV
20000 27 deg C 4.20 mV
25000 27 deg C 4.21 mV

Table 2: Cycle vs Voltage Drop

A regression model is applied to experimental results shown in table 2 to establish a relationship between
change in voltage drop over usage cycles. Terminal voltage drop is shown for illustration in Table 3.

For terminal voltage, a linear relationship is estimated as below. Both parameters found to be significant
from low p value and model accuracy is approximately 90% (R square value).

Voltage drops at terminal = 4.02+8.03E-06*cycles

We considered increase in voltage drop by 10% from initial value as acceptable limit. With that
approximately 4.4mV would be the

Pro-E based 3D
Switch Contact
Geometry

I

3D Meshing of input
Geometry
Application selection:
On off Cycle Electrical
Mechanical force, Material selection:
Temperature profile & Copper
Vibration ¢
l’ Electrical Circuit
Change in contact resistance Selection (Rated
after certain operating current & voltage)
cycles.

Analysis and
measurement of
voltage drop.
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Figure 1: FEA Simulation Flowchart

Regression Statistics

Multiple R 0.94

R Square 0.90

Adjusted R Square 0.87

Standard Error 0.02
Observations 6

ANOVA | df| SS MS F Significan

Regressio | 1 | 0.026 | 0.026 | 36.36 0.0038
Residual | 4 | 0.002 | 0.000
Total 5 | 0.029
Parameters | Coefficients Stimdard t Stat P-value
Intercept 4.028 0.020 199.71 | 3.77067E-09

X Variable 1 | 8.03E-06 | 1.33189E-06 | 6.03 | 0.003810515

Table 3: Regression Output for Cycle vs Voltage Drop

limiting value for which operating cycles to be estimated. Based on above equation it would be around
46,000 cycles.

V1. PHYSICAL TEST AND DIGITAL SIMULATION CORRELATION

Physical test was carried out on 3 different temperatures. To establish correlation between physical and
digital simulation, it was required to simulate the results in same temperature profile as in physical test. To
carry out this, FEA model shown in Fig 1 was run for intended temperature profile. Table 4 shows the
Voltage Drop data for Physical test and corresponding Digital simulation Output.

Cumulative Operating T Physical Test Output FEA
emperature
Cycle (Average value) output
Initial 27 deg C 421 mV 418 mV
5000 27 deg C 4.31 mV 4.25 mV
7500 50 deg C 4.4 mV 4.45 mV
10000 -10deg C 4.12 mV 4.15 mV
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Table 4: Voltage Drop Comparison Physical vs Digital

To evaluate the correlation between Physical and Digital simulation, trend line has been fitted with the data
in Table 3. A linear relationship is evident from Fig 2 with R-Square value of 85%.

Digital Simulation Data vs Physical Test
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Figure 2: Correlation Study for Physical Vs Digital Simulation

VII. SUMMARY / CONCLUSION

As discussed in earlier sections Mechanical parameter like contact geometry, operating force and
temperature and Electrical parameters like Rated voltage & current are considered as affecting factors for
change in contact resistance. Physical data analysis can lead to key parameter to be further considered for
digital simulation. In this case voltage drop is derived as that parameter. In this work we are able to put up the
statistical model based on digital data and predict the voltage drop at different operating cycles, leading to
prediction of switch life. Also, Correlation between Physical and Digital simulation has been established.
Contact resistance may also depends on few other factors like, surface roughness, surface contamination and
carbon deposition. The limitations of finite element analysis presented in this work has not evaluated these
factors. This may lead to difference between Physical test data and Digital test data and has further scope of
enriching the model.

References

[1] V.M. Murugesan, G. Chandramohan, M. Senthil Kumar, R. Rudramoorthy, “Analysis of Automobile
Starter Solenoid Switch for Improved Life” Automatika, 55:3, 256-264, doi:
10.7305/automatika.2014.12.405

[2] J. Johnson, G.G. Adams and N.E. McGruer. “Determination of intermodulation distortion in a contact-
type MEMS microswitch” , IEEE Transactions on Microwave Theory and Techniques, 3615 — 3620, 2005,
doi: 10.1109/TMTT.2005.855736

[3] Yan Du a, Lei Chen a, Nicol E. McGruer a, George G. Adams, “A finite element model of loading and
unloading of an asperity contact with adhesion and plasticity”, Journal of Colloid and Interface Science, 522-
528, 2007, doi:10.1016/j.jcis.2007.03.040.

[4] C. Goldsmith, J. Ehmke, A. Malczewski, B. Pillans, “Lifetime characterization of capacitive RF MEMS
switches”, IEEE MTT-S International Microwave Sympsoium Digest, 20-24, 2001, doi:
0.1109/MWSYM.2001.966876

[5] Benjamin F. Toller, Ronald A. Coutu Jr., John W. McBride, “A Review of Micro-Contact Physics for
Microelectromechanical Systems (MEMS) Metal Contact Switches” Journal of Macromechanics and
Microengineering, Vol. 23, No. 10, 2013

[6] Chao Zhang, Wanbin Ren, Xiaoyu Liao, “On the Relationship between Contact Resistance and Load Force
for Electrode Materials with Rough Surfaces”, Materials, 2022, doi: 10.3390/mal5165667

[JCRT2502724 International Journal of Creative Research Thoughts (IJCRT) www.ijcrt.org ] g205


http://www.ijcrt.org/
https://ieeexplore.ieee.org/author/37555026100
https://ieeexplore.ieee.org/author/37338846000
https://ieeexplore.ieee.org/author/37329971600
https://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=22
https://doi.org/10.1109/TMTT.2005.855736
https://www.sciencedirect.com/journal/journal-of-colloid-and-interface-science
https://ieeexplore.ieee.org/author/37268776000
https://ieeexplore.ieee.org/author/37442332400
https://ieeexplore.ieee.org/author/37442332700
https://ieeexplore.ieee.org/author/37274950300
https://ieeexplore.ieee.org/xpl/conhome/7643/proceeding
https://doi.org/10.1109/MWSYM.2001.966876
https://pubmed.ncbi.nlm.nih.gov/?term=Zhang%20C%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Ren%20W%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Liao%20X%5BAuthor%5D

www.ijcrt.org © 2025 IJCRT | Volume 13, Issue 2 February 2025 | ISSN: 2320-2882

[7] Hong Liu, John W. McBride, “A Finite-Element-Based Contact Resistance Model for Rough Surfaces:
Applied to a Bilayered AWMWCNT Composite”, |EEE Transactions on Components, Packaging and
Manufacturing, 919 — 926, 2018, doi: 10.1109/TCPMT.2017.2782723

[8] Adrien Broué, Jérémie Dhennin, Cédric Seguineau, Xavier Lafontan, “Methodology to Analyze Failure
Mechanisms of Ohmic Contacts on MEMS Switches”, IEEE International Reliability Physics Symposium,
2009, hal-00670200

[9] Thomas G. Bull * and John W. McBride, “ Transient Contact Opening Forces in a MEMS Switch Using
Au/MWCNT Composite 7, Technologies 2019, 7, 69; doi: 10.3390/ technologies 7040069

[10] Hei Kam ; Elad Alon ; Tsu-Jae King Liu. “ A predictive contact reliability model for MEM logic
switches”, IEEE, San Francisco, CA, USA, DOI: 10.1109/IEDM.2010.5703375

[11] R. Kumar®*, N.J. Ahuja?, M. Saxena® and A. Kumar! “Modelling and Simulation of Object Detection
in Automotive Power Window”, Indian Journal of Science and Technology, Vol 9(43), DOI:
10.17485/ijst/2016/v9i43/104393, November 2016

[12] Yunshui Zheng 1, Weimin Chen 1,*, Yaning Zhang 1 and Dengyu Bai 2, “Prediction of the Remaining
Useful Life of a Switch Machine, Based on Multi-Source Data” Sustainability 2022, 14, 14517.
https://doi.org/10.3390/su142114517

[JCRT2502724 International Journal of Creative Research Thoughts (IJCRT) www.ijcrt.org | g206


http://www.ijcrt.org/
https://ieeexplore.ieee.org/author/37085401565
https://ieeexplore.ieee.org/author/37266106300
https://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=5503870
https://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=5503870
https://doi.org/10.1109/TCPMT.2017.2782723

