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Contact modeling for MEMS interfaces: Inadequacy of classic contact 
algorithms and the use of a new elastic-perfectly plastic approach
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McCool Contact Analysis

•RMS roughness weighted based on area 
sampled

•Values averaged over ~130 substrate 
images
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SEM Analysis Shows an Increase in Wear with Continued Nanotractor Operation

AFM imaging of Nanotractor Substrate and Clamp Foot Shows 
a Decrease in Roughness for Plastically Modified Surfaces

1000 cycles 6000 cycles 8000 cycles

Increased cycling results in more visible, plastically 
deformed wear

Significant Physical and Chemical Changes Occur at the Wear Interface

Surface Morphology 
Showing Significant Wear 

(highlighted in yellow)

where Rq = RMS roughness

Ai = Area of Measurement

AT = Total Area of All Similar   
Measurements

2 � m
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PEEM Analysis Reveals Oxidation at the 
Wear Interface

� � � � � � � � � � � � � � �

10 mmmmm

PEEM = PhotoElectron Emission Microscopy
•Highly sensitive, elemental contrast imaging
•High spatial resolution, ~50nm
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PEEM data taken at O 1s edge (540 eV) on a Nanotractor Wear Track

Worn

Unworn

Hypothesis 

Failure may be due to increased contact area or increased interfacial shear energy from 
tribochemical changes! 

We explore how the true contact area changes with wear.

•Higher oxygen content in the wear track suggests 
oxidation at the interface during sliding

Area Where Contact is 
Expected to Occur

2 � m 2 � m 2 � m

AFM Image of a Nanotractor Wear Track

McCool Contact Analysis

[4] McCool, J. I., Wear 107, 1986: 
37-60.

McCool Algorithm4

•Rough surface contains many asperities 
of a single ‘representative’ radius, R

•Load calculations based on the Hertzian
solutions

Greenwood-Williamson (GW) Model
•Gaussian surface height distribution
•Gaussian asperity height distribution

Assumptions
•Isotropic surface
•Elastic contact
•No adhesion

Spectral Moments (m0, m2, m4)

Substrate Clamp Foot

1 � m2 � m

•Standard deviation of surface heights, � , 
measured for 0th, 1st, and 2nd surface 
derivatives (� 0, � 1, � 2) over area of contact

•Surfaces combined into ‘effective’ surface

Loading and Apparent Contact Area
Bottom of a Clamp Structure After Removal 

from the Substrate (Optical Image)
AFM Image of a Clamp Foot

Inputs

•Contact pair taken to be ‘representative’ of entire contact interface
•Apparent Contact Area is (2400 � m2) & Load is 106 � N

Plasticity Index Reveals Highly Plastic Interaction

But…
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wREP =

RwA p=

where,

and, 

P = Load on one asperity
R = non-deformed asperity 
radius
w = deflection distance

(Vertical Scale 65 nm)

1 � m

Plasticity index is

where,
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TCAF = 
True Contact Area

Apparent Contact Area

•Worn specimens have a 
higher True Contact 
Area Fraction (TCAF)
than the unworn

•TCAF as reported is not 
accurate because contact 
does not adhere to elastic 
constraint
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Highly Plastic 
Interaction
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TCAF is Higher for Worn Specimens

Elastic-Perfectly Plastic Contact 
Modeling – University of Florida

Surfaces Represented By Voxels

Surface Refinement Load Selection

•Simple interpolation algorithm 
averages nearest neighbors

•Area defined by each voxel reduced 
from 13.77 nm2 to 3.45 nm2

•TCAF of unworn surfaces not 
always lower than worn surfaces; 
results unexpected

•Interpolation does affect TCAF in 
some cases

•Interaction dependent on a few 
highest asperities and not on global 
behavior

•Contact at load involves as few as 2 
voxels when no interpolation is 
performed

TCAF Suggests Contact is Limited to Only a Few Asperities

1200 � m of 
foot length on 
each clamp

AFM scans 
are 1.9 � m in 

length

Wear tests performed under well 
controlled loading of 106 � N per clamp

Load on 
Contact Surface

nN
m

m
N 8.167
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•For a single Voxel
•Assuming uniaxial strain

where,  E = Young’s Modulus
� = strain
� = Poisson’s ratio

The strain in z is described as,

The pressure on one voxel, P, is

where, Ra = average surface roughness P is truncated to H if P>H
where, H = hardness

*No Volumetric 
Redistribution Occurs

� z

Elastic-Perfectly Plastic Algorithm

Nanotractor Foot Surface

Question: How does one specify an 
appropriate length scale for strain 
calculations?
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167.8 nN load 
(Interpolated 

Surface)

Sandia is a multiprogram laboratory operated by Sandia Corporation, a Lockheed Martin Company, for the US Department of Energy under contract DE-AC04-94AL85000.
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Class I - No Moving Parts

Class III - Moving Parts, 
Impacting Surfaces

A MEMS Taxonomy1

Class II - Moving Parts, No 
Rubbing or Impacting Surfaces

Accelerometers

Pressure 
Sensors

Strain Gauges

Gyros 

Comb Drives

Resonators

Filters

TI DMD

Valves 

Pumps

Relays

http://www.nec-tokin.com/

http://www.darpa.mil/MTO/MOEMS/

[1] Adapted from: Romig, et al. Acta Materialia. V51. 2003.

Romig. A.D. et al. Acta Materialia. 2003.

Overview
Commercial microelectromechanical systems (MEMS) devices do not currently utilize 
rubbing (Class IV) surfaces as device lifetimes tend to be short and/or vary 
unpredictably.  We seek to understand micro-scale wear with the investigation of the 
Nanotractor.  Most importantly, we seek to establish a connection between an 
increase in true contact area fraction (TCAF) and surface modification that results 
from wear.

Optical 
Switches

Shutters

Locks

*Nanotractor

Class IV - Moving Parts, Impacting 
and Rubbing Surfaces

Methodology
Atomic 
Force 

Microscopy

Topography
Spectral 
Moments

Does the True Contact Area increase 
with continued device actuation?

McCool 
Method

Voxelized Surface 
Method

Actual 
Surface Data

Nanotractor Geometry and Actuation

Leading ClampTrailing Clamp

Actuation Plate Linear Guide 
Spring (1 of 4)

Non-linear Load 
Spring

Anatomy of the Nanotractor2

Sliding Direction

Y

Y’

Cross-Section of the 
Wear Interface

Cross-Section Y-Y’

[2] Specifics on 
device construction 
can be found in:

de Boer, et. al, J. 
MEMS 13, 2004: 63-
74.

Loading and Geometry
•Nanotractor clamp foot is 2 � m wide X 600 � m long
•2 feet per clamp (symmetrical)
•Well-controlled load of 106 µN to induce wear

600 � m

Actuation 
Plate

Frictional
Stop Plate 

Electrode

Clamp 
Electrode

Y Y´

friction 
clamp

width of foot = 2 � m

2 � m

Stroke length ~20 � m; 
achieved through ~20 

nm steps

Clamp Foot

Substrate

Sacrificial SiO2

1

2

3

4

Walking Step / Wear Test

Large clamping force applied to 
the leading clamp

Vertical force applied to flexural 
beam; results in horizontal 
movement of the trailing clamp

Clamping force applied to 
trailing clamp to maintain new 
position; Force on leading 
clamp released or 106 � N
applied (wear test)

Force on flexural beam 
released; no load (walking step) 
or 106 � N applied (wear test)
to leading clamp

Actuation3

�

�

[3] For a more complete description of wear testing with the Nanotractor, please see: 
Flater, et. al. Wear 260, 2006: 580-593 .
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) Positive Wear Deposition

We would like to thank Dr. Anirudha Sumant, David Grierson, and Andy 
Konicek from the University of Wisconsin-Madison for the PEEM data.
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Cross-Section of the 
Wear Interface

Worn 1 Worn 2 Worn 3Unworn 2Unworn 1
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•Contact pairs represent various 
morphologies of wear

•Worn specimens from a Nanotractor 
run ~8500 cycles to failure

0 nm

65 nm

0 nm

45 nm

1 � m 1 � m 1 � m 1 � m

1 � m 1 � m 2 � m 2 � m 2 � m

Surfaces Selected for Analysis

Contact Simulation Over a Range of Loads

•Load vs. TCAF is semi-linear

•Increase in TCAF for all surfaces 
with increasing load

•TCAF increases more for worn 1 at 
high loads

•Contact is more elastic than 
predicted by the plasticity index, 
especially for worn surfaces

Conclusions

The elastic-perfectly plastic method 
gives a TCAF up to 10x larger than 

the McCool model.

 McCool 
Method

 Elastic-
Perfectly 
Plastic 

True 
Contact 

Area 
Fraction

Larger for worn 
surfaces

Larger for worn 
surfaces 1 & 2 
than unworn; 

up to a 
magnitude 
higher than 

McCool

Contact 
Regime

All surfaces 
plastic or 

severely plastic

Worn surfaces 
are elastic /         

Unworn 
surfaces are 

elastic / semi-
plastic

Definition: Apparent vs. True Contact Area

Apparent Contact Area

True Contact Area
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Load (nN)

Load on 
Data Set

Load on Entire Clamp
(max. possible load)

Load (nN)
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