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ABSTRACT

All machines and mechanisms have contacting parts that transmit motion and forces. Thus, irrespective
of physics of scale, accurate predictions for load bearing conjunctions are critical. Recently, the technol-
ogy of manufacturing micro-electromechanical systems (MEMS) has improved significantly. However,
improving their reliability is owed to the fundamental understanding of the kinetics of small gaps. The
complexity arises from the significant role of surface energy effects. Rough surfaces promote asperity
adhesion. If wetted, nano-menisci bridges form. To reduce both effects, the mechanisms are encapsu-
lated in inert atmospheres and coated by hydrophobic self-assembled mono-layers (SAM). However,
progressive wear of the protective SAM exposes the silicon substrate [1].
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1- Introduction:  

All machines and mechanisms consist of contacting parts that transmit motion and forces. Thus, irrespective of 
physics of scale, accurate predictions for load bearing conjunctions are critical. Recently, the technology of 
manufacturing micro-scale mechanisms has improved significantly. However, in many cases these mechanisms have 
a short useful life and improving their reliability is owed to the fundamental understanding of the kinetics of small gaps  

The complexity arises from the significant role of surface energy effects. Relatively rough surfaces (common in most 
micro-electromechanical systems– MEMS, such as the electrostatically driven gears shown in figure 1) can promote 
asperity interactions and adhesion. If wetted, nano-menisci bridges can also form between some of these asperities. 
To reduce these undesired effects, the mechanisms are encapsulated in inert atmospheres for protection and their 
contacting surfaces are covered by self-assembled mono-layers (SAM), which are hydrophobic. However, wear of 
protective layers has been noted in practice, leading to an exposed silicon substrate [1]. Insets in figure 1 also show 
contact of a pair of meshing teeth, as well as surface topography with adhered SAM. 

The operation speed of micro-gears is usually very high (of the order of several thousand Hz). To understand SAM 
wear, it is a common practice to subject MEMS gears to step changes in contact kinematic conditions, with lower 
operational speeds (approximately 1Hz), giving rise to greater chance of adhesion. It has been observed that at high 
speeds such gears operate smoothly irrespective of surface condition, but experience progressive deterioration at 
lower speeds (and eventually fail to function) due to increased effect of asperity-tip adhesion. 

There has been little fundamental analysis of such vanishingly small conjunctions under transient impact conditions. 
This paper attempts to contribute towards a growing understanding of the problem. Under idealized conditions (where 
ingression of water condensation is inhibited) the forces acting in the contacts of meshing pairs are those of asperity-

pair deformation and adhesion, described by the JKR 
model, as well as the inertial force in impact. SAM wear 
and impact behaviour of the contact are closely 
intertwined, both of which affect the inertial dynamics of 
the mechanism, which itself determines the prevailing 
impact conditions. A certain repetitive impacting 
condition is required to keep the mechanism operable, 
below which a diminished impact force would not 
overcome the adhesion of asperity pairs [2]. A large 
enough impact force, on the other hand, would damage 
the SAM and increase chance of adhesion of parent 
silicon counterfaces. Thus, there are bounds of 
operation speeds for safe functional behaviour of micro-
gear pairs. By far the lower limit is more restrictive, 
because mechanisms have to undergo deceleration and 
stop-start motions. Predicting the percentage coverage 
of SAM required to enable such transient dynamics. 
 
 

Figure 1: Physical-geometrical considerations for MEMS gears 
 
2- Theory: 
Inertial dynamics of a micro-gear pair is given by: 
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where M1 represents the excitation moment on the pinion and M2 the resisting moment developed at the driven gear. 

The JKR model for the contact of a pair of asperities states [3]: 3 3
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Figure 1: MEMS gears: General view

There has been little fundamental analysis of such van-
ishingly small conjunctions under transient impact con-
ditions. This paper attempts to contribute towards a
growing understanding of the problem. Figure 1 shows
a set of MEMS gears, the contact of meshing teeth and
surface topography. The operation speed is usually very
high (KHz). To understand SAM wear, it is a com-
mon practice to subject MEMS gears to step changes in
contact kinematic conditions, where lower operational
speeds (∼1Hz), increase the chance of adhesion. It has
been observed that MEMS gears operate smoothly at
high speeds irrespective or surface conditions, but pro-
gressively erratical at low speeds (and eventually stop).

If ingression of water is inhibited, the forces acting be-
tween meshing pairs of teeth are due to asperity deformation, adhesion (described by the JKR model)
and impact forces. SAM wear and impact behaviour of the contact are closely intertwined. Both affect
the inertial dynamics of the mechanism, which itself determines the prevailing impact conditions. A
certain repetitive impacting condition is required, below which a diminished impact force would not
overcome the adhesion [2]. However, a large impact force would damage the SAM. Thus, there are
bounds of operation speeds for micro-gears where the lower limit is far more restrictive.



Inertial dynamics of a micro-gear pair is given by:{
I1φ̈1 +R1W = M1(t, φ1, φ̇1)
I2φ̈2 −R2W = M2(t, φ2, φ̇2)

(1)

where M1 is the excitation moment on the pinion and M2 the resisting moment. The JKR model for
the contact of a pair of asperities (with the equivalent tip radius β and contact footprint a) states [3]:
P β = P β0 − P

β
a = [4E′a3/3β] −

√
8πa3∆γE′. If a negative exponential distribution is assumed for

N such asperity pairs, then [2]: pasp = N [PBc /
√

2π]
∫∞
−L f(∆/∆c) exp{−(h + ∆)2/2}d∆. Where

PB
c = 1.5πB∆γ; B =

√
2/π

∫∞
0 exp(−ρ2/2β2)dρ; ∆ = δ/σ; ∆c = δβc /σ; h = l/σ.

Noting that the inertial impact force must equate the integrated contact pressure distribution [4], then:

W =
∫∫

paspdxdy (2)

Now, simultaneous solution of (1) and (2) provides the results.

A decelerative step is imposed, from a rotational speed of 3.5KHz to approximately 1Hz, with SAM
percentage coverage levels of 100%, 70% and 50%. Figure 2(a) shows that at high speeds operational
integrity is assured, whilst at low speeds the behaviour becomes erratical with wear of the SAM layer
(lower percentage coverage). Note that a wear model is not included in the analysis. This constitutes the
next natural extension to the current work. Figure 2(b) shows a more detailed system behaviour at lower
speeds on a logarithmic scale. For the simulated conditions, 50% coverage of the contacting surfaces
constitutes the limit of adhesion for low speed operations.

a) b)

Figure 2: Transient behaviour with SAM percentage coverage of meshing surfaces
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