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Abstract

The paper provides a dynamic analysis of micro-gear pairs, typically used in an assortment of MEMS devices. Impact dynamics of meshing teeth, including the effect of asperity tip adhesion for relatively rough surface interactions are included in the analysis. The effect of long chain molecule SAM in impact behaviour of meshing pairs has also been investigated.
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1
Introduction

There is a growing trend in reduction of size for all industrial and consumer products. This is partly due to personalisation of products, and partly due to improved dynamic performance and structural robustness due to reduced inertia. These requirements have already led to an unprecedented growth in electronic industry, which in return has facilitated the development of an entire range of micro-scale fabrication techniques. Since the material of choice for the electronic industry is silicon, most of these new techniques have been devised to suit its crystalline structure. Taking advantage of these recent advances in silicon micro-fabrication, a new class of integrated systems have been developed. This refers to the micro-electro-mechanical (MEMS). A small mechanical system is carved (laser etched) from successive layers of silicon deposited on an electrical circuit. When compared with a traditional solution, the advantage of such a design becomes evident due to its compact structure, reduced inertial problems, shock resistance and superior thermal performance.  

The minute size of these elements means that the inertial forces are also very small, allowing them to withstand relative velocities and accelerations which are prohibitive for their macro-scale counterparts [Tanner et al 2000; Barlian et al, 2007]. However, the load bearing contact areas are very small, therefore, the contact pressures can be in the order of tenth-hundreds of MPa. Additionally, in such vanishingly small gaps, surface forces and local surface adhesion cannot be neglected [Teodorescu et al, 2008]. In the presence of any condensation, locally formed menisci can enhance stiction and thus structural damage.  To prevent this, the mechanisms are sealed in protective atmospheres and coated with hydrophobic self-assembled mono-layers (SAM) [Maboudian et al, 2000; Bhushan, 1999; Dyck et al, 1996]. However, even during normal operation conditions, these protective layers wear off relatively fast, exposing the silicon substrate.

Macroscopic gears are machined and polished using specialised techniques (for improved tribological performance). In contrast, the micro-size gears are cut straight in-situ. Therefore, their surface roughness and minimum separations (backlash) are directly proportional to the precision of the cutting technique used. In practice, this is in the micro-scale. Thus, for the minute size of MEMS gears, the contact between meshing teeth is relatively rough, which means that adhesion between individual asperities can be further enhanced [Teodorescu and Rahnejat, 2007].

For such devices to make the expected step change in the micro-electronics industry, their reliability has to be significantly improved. For this, one of the important issues is to develop a fundamental understanding of the correlation between their inertial dynamics and surface characteristics. The current paper proposes a model, which starts with the fundamental principles of asperity level contact mechanics and meshing gear dynamics. 

The paper provides a numerical investigation of micro-dynamics of a pair of silicon gears, incorporating detailed nano-scale impact dynamics of the rough meshing teeth. A self-assembled mono-layer of hydrophobic Octyldecyltrichlorosilane (OMT) long chain molecules, developing reliable bonds with the silicon substrate and reducing surface free energy is also included in the analysis.
2
Mathematical model
Figure 1 shows an overview of the micro-gear system considered in this study. It consists of a pair of spur gears used in MEMS mechanisms. The purpose of this study is to highlight some of the particular characteristics of the gear dynamics and contact mechanics of the meshing gear teeth. MEMS gears are typically very small (20-100 (m outside diameter) and relatively slender; of the order of 2(m and quite rough (4-20nm Ra) [Dyck et al, 1996].
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	Figure 1.   (a) General overview of a typical MEMS set of gears, (b) A pair of meshing gear teeth and
(c) The modelling approach.


In macroscopic conventional gear pairs, the separation between two meshing teeth (
[image: image36.wmf]ref

h

in figure 1 (b)) is orders of magnitude smaller than the tooth thickness. However, for MEMS, the manufacturing technique leads to separations that can be comparable to the tooth thickness itself (i.e. backlash of the order of 0.1 (m).
2.1
Impact dynamics at micro-scale
The model comprises a pair of spur gears with mass moments of inertia 
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 and base radii 
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 for the pinion and gear, respectively). Both gears are supported by rigid shafts. The pinion is subjected to a known torsional moment, 
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, whilst the driven gear develops a resistance moment, 
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, with a known form. In the first instance, the friction force between the meshing gear teeth flanks is ignored. This approximation is plausible as long as the protective SAM layer remains intact. However, during the operation of the mechanism the SAM progressively can wear off, exposing the relatively rough silicon substrate.

When two exposed sections of the meshing teeth come into direct contact, adhesion takes place between the asperities on the mating surfaces and the friction force can no longer be neglected. The motion transverse to the line of pressure is decoupled from the gear motion parallel to this line and, therefore, the essential dynamics of the system can be described by a two-degree of freedom system, with coordinates 
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 [Teodorescu et al, 2006; Johnson et al, 1971]. The excitation torque applied to the pinion is generated by two reciprocal micro-engines mounted orthogonally to each other [Tanner et al, 2000]. These engines are coupled to the same flexible linkage, which in turn is connected to the pinion through a pin-joint, mounted eccentrically with respect to the centre of the pinion. The pinion is spanned by conveniently operating the two micro-engines with a prescribed phase angle. Therefore, the moment applied on the system has a periodic nature. The equations of motion for this two-degree of freedom system can be expressed as:
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where 
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 represents the excitation moment on the pinion and 
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 the resistance moment developed at the driven gear. This model can also take into account the static transmission error, 
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, representing geometrical errors of the gear teeth profiles and spacing. In addition, the quantity 
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is known as the dynamic transmission error. However, for simplicity, in this analysis 
[image: image48.wmf])
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 is considered to be negligible. Taking into account the backlash, the restoring force component in the gear mesh may be expressed in a simple form as:
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where:
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where 
[image: image51.wmf]2
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 represents the total gear backlash.
2.2
Contact mechanics at micro-scale
The impact of meshing gear teeth can be approximated by a smooth rigid roller of an equivalent radius to that of the local principal radii of curvature of the meshing teeth: 
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 against a semi-infinite elastic half-space of reduced elastic modulus 
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. Figure 1 (c) shows the equivalent configuration for the impacting conditions. 
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 is the nominal separation between the roller and the undeformed flat frictionless plane, 
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 is the minimum elastic separation, 
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 is the local separation and 
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 is the local deflection [Teodorescu et al, 2006].

This set of approximations represents the basis for the classical Hertzian impact problem. However, for rough contacts with nano-scale gaps, asperity deformation plays a significant role. Therefore, the contact behaviour deviates from the Hertzian impact theory. If moisture would be present in the contact, a combination of inertial, adhesion, hydration and nano-meniscus forces can also contribute [Teodorescu et al, 2008].

Individual asperities can be viewed as hemispherical indenters, deforming an elastic half-space. The classical Hertzian theory deals with local elastic deformations subject to small strains. On the other hand, Johnson et al. [Johnson et al, 1971; Johnson and Sridhar, 2001] have additionally included the adhesion forces (pull-off forces) between these asperities. Therefore, the applied load can be expressed as:
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After a contact is established, the removal of the initial load leads to the diminution of the contact force. To separate the bodies, a pull-off force 
[image: image59.wmf]1.5

c

P

pbg

=D

 and a maximum asperity extension (stretching) 
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 would be required. This behaviour manifests itself under any contact condition, but its effect becomes important mainly at very small scale. 

This approach predicts the contact condition between two approaching asperities. For two rough surfaces in contact many asperities can be involved simultaneously. Therefore, the statistical distribution of these asperities should be taken into account. Considering normally distributed asperity tips, the probability that an asperity has a height between 
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  and 
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 above the plane, defined by the mean asperity height, is usually given as:
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If the unit area is covered with 
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 asperities, the pressure due to the asperity interactions can be expressed as [Fuller and Tabor, 1975]:
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The lower integration limit correlates with the history of contact loading-unloading cycle. This is fully described in [Teodorescu and Rahnejat, 2007]. If the action previously compressing an asperity is removed, then it can stretch and apply a negative force (adhesion). Therefore, to account for the stretched asperities, the integration limit has to be adjusted at each computational time step. For a roller of radius R, the local gap at any position in the contact is given in a computational grid as:
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where the local deformation is obtained as [Teodorescu et al, 2006]:
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Where 
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 is the influence coefficient matrix, determining the local deflection at a point 
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 [Hamrock, 1994]. Finally, the net impact force is obtained as:  
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Results and Discussion
Now returning to the micro-dynamics of the gear pair, incorporating the described contact model, one or two pairs of teeth are in simultaneous contact at any instant of time. The relevant geometrical, physical and operational data for the gearing pair are given in table 1. For the case considered, the driving and resistance moments have the following forms, respectively:
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When 
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, the numerical results are obtained by selecting an appropriate range of values for the driving moment 
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. For these cases, it turns out that steady state conditions can be achieved when [Theodossiades and Natsiavas, 2001]:
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where 
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 is the average gear rotational speed.
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Table 1: Gear pair data
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	Figure 2.   Angular velocity of the gear 
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 under steady state conditions.


Figure 2 shows the angular velocity of the gear under steady state conditions. Its rather complex periodic nature is due to various spectral contributions. One cycle of such oscillations is shown in figure 3. The instances of impact are shown by high frequency reversals in the figure. The longest periodic oscillation pertains to the carrier frequency due to imposed external excitation. The other shorter periods correspond to the meshing frequency and its harmonics. These are all shown in the power spectral density of figure 4.
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	Figure 3.   One cycle of the angular velocity 
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	Figure 4.   Power spectral density of the gear angular velocity 
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Figure 5 shows the torque variation on the gear introduced by the contact force. The sudden torque reversals shown are responsible for the corresponding sharp angular velocity variations in figure 2. For the case studied here the most likely failure modes may be cyclic fatigue due to impact loads. Future analysis should consider cyclic fatigue at high operational speeds and adhesion contributions at lower speeds and higher impact durations.
4
Conclusions
The preliminary analysis carried out here shows that micro-dynamic characteristics of silica gear pairs change according to impact behaviour of their meshing teeth. These characteristics depend on the impact velocity of their rough silica teeth at lower gear set velocities, affecting rebound behaviour of contacts. With higher speeds, torque reversals become more significant and clearly there would exist an operational speed when the torque reversal would lead to oscillations of impacting pairs beyond the confine of their rigid separation (backlash), thus resulting in motion reversal of the gear set and loss of function.
	
[image: image100.wmf]0.001

0.00105

0.0011

4E-011

1E-010

1.6E-010

t

 

(

s

)

T

g

 

(

N

m

)



	Figure 5.   Torque variation on gear introduced by the contact force.
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