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displacement is a function of both applied force and beam length. Hence, we can get a specific 
maximum displacement value for different sets of applied force and beam length values (Figure 17).  
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We found an applied force from 24 �•N–97 �•N is required to get ~300 nm displacement for our 
available beam lengths (Figure 18).  
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4.1.3. Force Tuning for Different Length’s Beam

We attained ~300 nm displacement by considering different beam length and applied force values.
The fixed-fixed beam’s maximum displacement due to single point load at center can be expressed
as [27–29],

dmax =
FL3

192EI
(20)

where dmax stands for displacement, F represents point load, L is the beam’s length, E is the modulus
of elasticity, and I refers to the area moment of inertia. Equation (20) indicates that the displacement is
a function of both applied force and beam length. Hence, we can get a specific maximum displacement
value for different sets of applied force and beam length values (Figure 17).
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Figure 17. Force tuning and displacement analysis for different beam length under point force.

We found an applied force from 24–97 µN is required to get ~300 nm displacement for our
available beam lengths (Figure 18).
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4.1.4. Contact Resistance, Voltage and Temperature Analysis with Contact Force 

Figure 19 shows that the contact resistance, contact voltage, and contact temperature decrease 
and become stable at the higher force region. Contact temperature decreased negligibly with 
increasing contact force. Initially, gold on gold (Au/Au) microcontact was tested and compared 
with these theoretical results to validate our contact support model. Afterwards, a wide range of 
contact materials was investigated with this contact structure. It showed that the contact resistance, 
contact voltage, and contact temperature decreased and became stable at the higher force region.  
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Figure 20a depicts the relation between contact radius and contact force associated with a single 
gold (Au) asperity contact spot for the elastic and plastic region. We have studied the variation of 
contact radius from the low contact force region (~100 μN) to the high contact force region (~1000 
μN), as most of the MEMS switches find their applications in this range. It is evident from Figure 20 
that a single asperity contact spot with radius of approximately 100 nm requires at least 100’s of μN 
force to make a stable contact.  

The effect of hardness and radius of curvature of contact materials on contact resistance is 
depicted in Figure 20b, c. Results show the variation of contact resistance with the variation of 
microcontact’s radius of curvature. Radius of curvature’s variation can come from the variations in 
deposition process or release process or from the quality of the metal film during contact fabrication 
process. The decrease in radius of curvature results in an increased contact resistance within the 
region of interest for contact force. This change occurs in the contact material’s elastic region. To 
obtain a stable contact resistance, an increased radius of curvature requires an increased amount of 
contact force. 

Figure 18. Relation between force and beam length for constant displacement.

4.1.4. Contact Resistance, Voltage and Temperature Analysis with Contact Force

Figure 19 shows that the contact resistance, contact voltage, and contact temperature decrease and
become stable at the higher force region. Contact temperature decreased negligibly with increasing
contact force. Initially, gold on gold (Au/Au) microcontact was tested and compared with these
theoretical results to validate our contact support model. Afterwards, a wide range of contact materials
was investigated with this contact structure. It showed that the contact resistance, contact voltage, and
contact temperature decreased and became stable at the higher force region.
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Figure 19. (a) Contact resistance; (b) contact voltage; (c) contact temperature of a single gold (Au)
asperity contact for elastic and plastic region.

Figure 20a depicts the relation between contact radius and contact force associated with a single
gold (Au) asperity contact spot for the elastic and plastic region. We have studied the variation of
contact radius from the low contact force region (~100 µN) to the high contact force region (~1000 µN),
as most of the MEMS switches find their applications in this range. It is evident from Figure 20 that a
single asperity contact spot with radius of approximately 100 nm requires at least 100’s of µN force to
make a stable contact.

The effect of hardness and radius of curvature of contact materials on contact resistance is depicted
in Figure 20b,c. Results show the variation of contact resistance with the variation of microcontact’s
radius of curvature. Radius of curvature’s variation can come from the variations in deposition process
or release process or from the quality of the metal film during contact fabrication process. The decrease
in radius of curvature results in an increased contact resistance within the region of interest for contact
force. This change occurs in the contact material’s elastic region. To obtain a stable contact resistance,
an increased radius of curvature requires an increased amount of contact force.
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Table 1 summarizes the performance parameters of similar microcontact test fixtures (i.e., 
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In this work, we designed a unique microcontact support structure for improved post-mortem 
analysis. Simulation results for contact resistance, contact voltage, and contact temperature have been 
demonstrated based on theoretical models. Mechanical responses of fixed-fixed beam structure were 
explored via finite element analysis simulations. Moreover, a relation between the contact closure 
time and contact force was established for the fixed-fixed beam structure. Closure time’s impact on 
cold-switching and hot-switching was studied with respect to the test signal. Furthermore, a 
condition for the minimum length of an Au pillar was derived for the available applied force. All 
these simulated results will be compared with our newly fabricated gold on gold (Au/Au) contact 
support structure. Subsequently, a wide variety of other potential contact materials will be inspected 
to find their appropriate contact force, contact resistance, adhesion, and other unexplored physics 
relevant to MEMS switching applications. The microcontact support structure will be fabricated 
through SOI micromachining technique. This unique method will allow a very simple, fast, and 
efficient postmortem analysis related to the microcontact surface tribology. In addition, engineered 
micro-electrical contacts will be examined using our novel test fixture for obtaining significant data 
to design a future robust and reliable MEMS switch. 
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Figure 20. (a) Contact radius of a single gold (Au) asperity for elastic and plastic region; (b) contact
resistance with varied hardness for a gold (Au) “a-spots”; (c) contact resistance of a single gold (Au)
asperity contact with varied radius of curvature.

Table 1 summarizes the performance parameters of similar microcontact test fixtures
(i.e., MEMS/AFM/SPM) and our proposed test fixture. It shows that unlike other test fixture
approaches, the test fixture presented here can provide both high cycle rates and the simultaneous
measurement of contact force and resistance with nN force resolution.

Table 1. Performance comparison between proposed and conventional test fixtures.

Test Fixtures Cycle Rate Contact Force
Measurement Force Resolution

Proposed Test Fixture ~5 KHz [30] Directly measured nN [30]
MEMS/ AFM/ SPM ~10–100 Hz [9–12] Inferred from model µN [2]

5. Conclusions

In this work, we designed a unique microcontact support structure for improved post-mortem
analysis. Simulation results for contact resistance, contact voltage, and contact temperature have
been demonstrated based on theoretical models. Mechanical responses of fixed-fixed beam structure
were explored via finite element analysis simulations. Moreover, a relation between the contact
closure time and contact force was established for the fixed-fixed beam structure. Closure time’s
impact on cold-switching and hot-switching was studied with respect to the test signal. Furthermore,
a condition for the minimum length of an Au pillar was derived for the available applied force.
All these simulated results will be compared with our newly fabricated gold on gold (Au/Au) contact
support structure. Subsequently, a wide variety of other potential contact materials will be inspected
to find their appropriate contact force, contact resistance, adhesion, and other unexplored physics
relevant to MEMS switching applications. The microcontact support structure will be fabricated
through SOI micromachining technique. This unique method will allow a very simple, fast, and
efficient postmortem analysis related to the microcontact surface tribology. In addition, engineered
micro-electrical contacts will be examined using our novel test fixture for obtaining significant data to
design a future robust and reliable MEMS switch.

Author Contributions: P.M. conducted the literature search, simulations and wrote the first manuscript draft. F.A.
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and refined the original idea and reviewed the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.



Sensors 2019, 19, 579 17 of 18

References

1. Gabriel, M.R.; Jeremy, B.M. RF MEMS switches and Switch Circuits. IEEE Microw. Mag. 2001, 2, 59–71.
[CrossRef]

2. Basu, A.; Adams, G.G.; McGruer, N.E. A review of micro-contact physics, materials, and failure mechanisms
in direct-contact RF MEMS switches. J. Micromech. Microeng. 2016, 26, 104004. [CrossRef]

3. Toler, B.F.; Coutu, R.A., Jr.; McBride, J.W. A review of micro-contact physics for microelectromechanical
systems (MEMS) metal contact switches. J. Micromech. Microeng. 2013, 23, 103001. [CrossRef]

4. Mahanta, P.; Munna, M.; Coutu, R. Performance Comparison of Phase Change Materials and Metal-Insulator
Transition Materials for Direct Current and Radio Frequency Switching Applications. Technologies 2018, 6, 48.
[CrossRef]

5. Tian, W.; Li, P.; Yuan, L. Research and analysis of MEMS switches in different frequency bands. Micromachines
2018, 9, 185. [CrossRef] [PubMed]

6. Mahanta, P.; Coutu, R.; Tomer, D. Experimental Validation of External Load Effects for Micro-Contacts
under Low Frequency, Low Amplitude Alternating Current (AC) Test Conditions. Technologies 2018, 6, 46.
[CrossRef]

7. Hennessy, R.P.; Basu, A.; Adams, G.G.; McGruer, N.E. Hot-switched lifetime and damage characteristics of
MEMS switch contacts. J. Micromech. Microeng. 2013, 23, 055003. [CrossRef]

8. Bull, T.G.; McBride, J.W. In-situ contact surface characterization in a MEMS ohmic switch under low current
switching. Technologies 2018, 6, 47. [CrossRef]

9. Majumder, S.; McGruer, N.E.; Adams, G.G.; Zavracky, P.M.; Morrison, R.H.; Krim, J. Study of contacts in an
electrostatically actuated microswitch. Sens. Actuators A Phys. 2001, 93, 19–26. [CrossRef]

10. Coutu, R.A.; Kladitis, P.E.; Cortez, R.; Strawser, R.E.; Crane, R.L. Micro-switches with sputtered Au, AuPd,
Au-on-AuPt, and AuPtCu alloy electric contacts. In Proceedings of the 50th IEEE Holm Conference on
Electrical Contacts and the 22nd International Conference on Electrical Contacts Electrical Contacts, Seattle,
WA, USA, 23 September 2004; pp. 214–221. [CrossRef]

11. Yang, Z.; Lichtenwalner, D.; Morris, A.; Menzel, S.; Nauenheim, C.; Gruverman, A.; Krim, J.; Kingon, A.I.
A new test facility for efficient evaluation of MEMS contact materials. J. Micromech. Microeng. 2007, 17, 1788.
[CrossRef]

12. Chen, L.; Guo, Z.J.; Joshi, N.; Eid, H.; Adams, G.G.; McGruer, N.E. An improved SPM-based contact tester
for the study of microcontacts. J. Micromech. Microeng. 2012, 22, 045017. [CrossRef]

13. Laurvick, T.V.; Coutu, R.A. Improving gold/gold microcontact performance and reliability under
low-frequency ac through circuit loading. IEEE Trans. Compon. Packag. Manuf. Technol. 2017, 7, 345–353.
[CrossRef]

14. Ziegler, K.K. Selectively Tuning a Buckled Si/SiO2 Membrane MEMS through Joule Heating Actuation and
Mechanical Restriction. Master’s Thesis, Air Force Institute of Technology, Wright-Patterson Air Force Base,
OH, USA, March 2014.

15. Coutu, R.A.; Tomer, D. Micro-Contacts Testing Using a Micro-Force Sensor Compatible with Biological
Systems. Int. J. Biosens. Bioelectron. 2017, 3, 215–222. [CrossRef]

16. Holm, R. Electric Contacts: Theory and Application; Springer Science & Business Media: Berlin/Heidelberg,
Germany, 2013.

17. Kogut, L.; Komvopoulos, K. Electrical contact resistance theory for conductive rough surfaces. J. Appl. Phys.
2003, 94, 3153–3162. [CrossRef]

18. Kogut, L.; Komvopoulos, K. Electrical contact resistance theory for conductive rough surfaces separated by a
thin insulating film. J. Appl. Phys. 2004, 95, 576–585. [CrossRef]

19. Chang, W.R.; Etsion, I.; Bogy, D.B. An elastic-plastic model for the contact of rough surfaces. J. Tribol. 1987,
109, 257–263. [CrossRef]

20. Edelmann, T.A.; Coutu, R.A., Jr. Microswitch Lifecycle Test Fixture for Simultaneously Measuring Contact
Resistance (Rc) and Contact Force (Fc) in Controlled Ambient Environment. In Proceedings of the 56th
IEEE Holm Conference on Electrical Contacts (HOLM), Charleston, SC, USA, 4–7 October 2010; pp. 1–8.
[CrossRef]

21. Kim, J.M.; Lee, S.; Baek, C.W.; Kwon, Y.; Kim, Y.K. Cold-and hot-switching lifetime characterizations of
ohmic-contact RF MEMS switches. IEICE Electron. Express 2008, 5, 418–423. [CrossRef]

http://dx.doi.org/10.1109/6668.969936
http://dx.doi.org/10.1088/0960-1317/26/10/104004
http://dx.doi.org/10.1088/0960-1317/23/10/103001
http://dx.doi.org/10.3390/technologies6020048
http://dx.doi.org/10.3390/mi9040185
http://www.ncbi.nlm.nih.gov/pubmed/30424118
http://dx.doi.org/10.3390/technologies6020046
http://dx.doi.org/10.1088/0960-1317/23/5/055003
http://dx.doi.org/10.3390/technologies6020047
http://dx.doi.org/10.1016/S0924-4247(01)00627-6
http://dx.doi.org/10.1109/HOLM.2004.1353120
http://dx.doi.org/10.1088/0960-1317/17/9/006
http://dx.doi.org/10.1088/0960-1317/22/4/045017
http://dx.doi.org/10.1109/TCPMT.2016.2600482
http://dx.doi.org/10.15406/ijbsbe.2017.03.00052
http://dx.doi.org/10.1063/1.1592628
http://dx.doi.org/10.1063/1.1629392
http://dx.doi.org/10.1115/1.3261348
http://dx.doi.org/10.1109/HOLM.2010.5619527
http://dx.doi.org/10.1587/elex.5.418


Sensors 2019, 19, 579 18 of 18

22. Slade, P.G. Electrical Contacts: Principles and Applications; CRC Press: Boca Raton, FL, USA, 2017.
23. Hsu, T.-R. MEMS and Microsystems: Design, Manufacture, and Nanoscale Engineering; John Wiley & Sons:

Hoboken, NJ, USA, 2008.
24. McBride, J.W.; Yunus, E.M.; Spearing, S.M. Gold coated multi-walled carbon nanotube surfaces as low force

electrical contacts for mems devices: Part 1. In Proceedings of the 55th IEEE Holm Conference on Electrical
Contacts, Vancouver, BC, Canada, 14–16 September 2009; pp. 281–287. [CrossRef]

25. AZO Materials: Gold (Au)—Properties, Applications. Available online: https://www.azom.com/article.
aspx?ArticleID=9083 (accessed on 23 December 2018).

26. Howard, W.E.; Musto, J.C. Introduction to Solid Modeling Using SolidWorks; McGraw-Hill Higher Education:
New York, NY, USA, 2008.

27. Budynas, R.G.; Nisbett, J.K. Shigley’s Mechanical Engineering Design; McGraw-Hill: New York, NY, USA, 2008;
Volume 8.

28. Jones, R.M. Mechanics of Composite Materials; CRC Press: Boca Raton, FL, USA, 2014.
29. Lindeburg, M.R. Mechanical Engineering Reference Manual for the PE Exam; Professional Publications Inc.:

Belmont, CA, USA, 2013.
30. Femto Tools FT-S100 Microforce Sensing Probe Data Sheet. Available online: http://www.femtotools.com/

products/previousproducts/ft-s-microforce-sensing-probe/ (accessed on 23 January 2018).

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1109/HOLM.2009.5284389
https://www.azom.com/article.aspx?ArticleID=9083
https://www.azom.com/article.aspx?ArticleID=9083
http://www.femtotools.com/products/previousproducts/ft-s-microforce-sensing-probe/
http://www.femtotools.com/products/previousproducts/ft-s-microforce-sensing-probe/
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

