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A B S T R A C T

Tooth surfaces of silicon-based MEMS microgears are described as smooth surfaces covered by adhesive aspe-
rities (nanoblocks). To reduce adhesive effects, the tooth surfaces are functionalized by OTS-SAM
(Octadecyltrichlorosilane self-assembly monomolecular) carbon-based functionalized coatings. The wear of the
coating is modelled using the modified Goryacheva-Torskaya model of damage accumulation. The amount of
energy dissipated by different physical and chemical mechanisms along with energy dissipated by mechanical
deformation of the counterparts is used to evaluate the frictional force. The main scenarios of wear process
within the coating are described and discussed. The damage evolution is described for several levels of external
load.

1. Introduction

Micro-Electro-Mechanical Systems (MEMS) can be of various kinds
depending on the specific industrial or space applications [1–4]. MEMS
consist of a significant number of micro/nano components and the
majority of them work in contact with each other to transfer the load
and torque between MEMS parts. Adhesion is the key issue for the
MEMS devices that highly restricts the movements of the micro/nano
elements [5,6]. Here we defined stiction as the unintentional adhesive
connection between the teeth that does not allow MEMS to work at all.
Stiction may lead to structure failure or significantly reduces the MEMS
reliability [7,8]. Adhesive interactions between surfaces may be greatly
affected by environmental conditions. Here we focus on clean MEMS
surfaces working in the vacuum environment when one of the leading
mechanisms of stiction is cold welding (cohesion) between micro-
machined surfaces, while the capillary adhesion and effects of gaseous
environment are out the scope of this study. If the teeth of a microgear
MEMS are simulated as working in the vacuum environment then, the
mechanisms of the energy dissipation may be reduced to the following:
(i) dissociation of chemical and van der Waals bonds, and (ii) the elastic
interlocking between counterpart's proturberances. One of the suc-
cessful solutions that allows the researchers to reduce cohesion and,
therefore, to eliminate stiction is surface functionalization [1]. Carbon-
based functionalized coatings have commonly been used in friction and
sliding conjunctions to improve the lifetime expectations of the

surfaces. Many researchers have tried to investigate and model this
problem to reduce the effect of friction and wear on the contacting
surfaces [8,9]. Tribology of self-assembled monolayers has been in-
tensively studied in many papers (see, e.g. Refs. [10–15]). Indeed, the
adsorbed organic molecules that are organised into oriented layers may
drastically change the surface properties of contacting solids. It was
observed experimentally that friction of surfaces covered by molecular
self-assembled monolayers has anisotropic properties [10]. It was also
shown that thin diamond-like carbon films covered by octadecyltri-
chlorosilane self-assembled monolayers exhibit considerable reduction
of friction due to its ultra-low surface energy and special film structure
[14]. If such a layer is used to cover titanium films then they exhibit
hydrophobic and improved tribological properties [15]. The properties
of monomolecular layers can be studied both theoretically [16–18] and
experimentally [10–13]. It was shown that for a single-crystal strip, the
Young modulus increases with decreasing thickness of the strip; in
particular, the elastic modulus of a very thin crystal film consisting of
two atomic layers can differ from its macroscopic value by a factor of
two [17]. It is clear that the functionalized coatings may be worn away;
therefore, studies of wear of the functionalized layers are of great im-
portance for modern nano/micro technology (see Table 1).

Self-assembled monomolecular (SAM) layers are often used to func-
tionalize the silicon surfaces of the microdevices. Generally, the SAM
layers are formed by exposing silicon substrate to the vapour phase of the
desired molecule and incubation for some time. Here we will study OTS-
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SAM (Octadecyltrichlorosilane SAM) layers that are often used to func-
tionalize silicon surfaces. These types of SAM functionalized layers are
consisting of head, terminal and spacer groups (see Fig. 1).

The molecular spacer group or simply a spacer is any flexible part of a
molecule that is providing a good linking between two other parts of a
molecule. The head is chemisorbed to the substrate and the molecular
adsorption brings the SAM molecules close enough to each other and,
therefore, the short-range van der Waals forces and electrostatic inter-
actions become important [9]. As it will be shown below, the use of the
OTS-SAM layer will reduce considerably the amount of the dissipated
energy and, in turn, the friction force. Therefore, the temperature will be
practically the same and the temperature effects may be neglected until
the functionalized monomolecular layer has been not worn away.

Here a damage model is presented that describes the damage ac-
cumulation related to dissociation of chemical bonds, electrostatic and
van der Waals interactions among the elements of the SAM head and
spacer groups. The damage leads eventually to wear of these carbon-
based functionalized monomolecular layers. The model is based on the
Goryacheva-Torskaya model [19,20] for damage accumulation in fa-
tigue elements. The maximum damage occurs under action of the
maximum load, hence the dry friction contact of a single tooth contact
is considered.

To use the damage model, the surface stresses are calculated. The
MEMS tooth roughness is described using statistical approach in ac-
cordance with the experimental data obtained by Atomic Force
Microscopy (AFM). In the simulations, the rough MEMS teeth are de-
scribed as smooth curved tooth surfaces covered by adhesive nano-
blocks representing the asperities. Each nanoblock is obtained by su-
perposition of two hierarchical subscales that are specified by the
character of interactions at the subscale: an atomic subscale, where
chemical interactions are likely to occur, and adhesive subscale, where
molecular adhesion (van der Waals interaction) is significant.
Numerical simulations for silicon-based MEMS micro-tooth surfaces
functionalized by monomolecular carbon-based coatings show that in-
itially the surfaces do not stick to each other. However, the stiction
occur after some number of cycles because the functionalized mono-
molecular is gradually worn away due to damage accumulation in the
layer [21,22]. It is shown that the coatings wear occurs not simulta-
neously, because the atomic subscale element located at the corner of
the nanoblock will have higher stresses than other atomic subscale
elements of the nanoblock. The damage evolution is discussed and
described for several levels of external load.

2. The MEMS surface topography and models of dry friction

2.1. The MEMS surface topography

The real silicon rough surface of a MEMS tooth may be described at

different scales: nanoscale and bulk elastic scale. The nanoscale may be
subdivided to the atomic and molecular subscales. The former is de-
fined as the region of active chemical interactions, while the latter may
be defined as the region of active van der Waals interactions, This is in
accordance with a one-level model (the B-S model) presented recently
the Borodich and Savencu [23] (for further details see also [24,25]).
Their model may be used to describe tribological phenomena of nom-
inally flat dry surfaces. Here the B-S model has been developed to de-
scribe the specific features of interactions between MEMS teeth [21,22].
Contrary to the B-S model it is assumed here that the contacting sur-
faces have microscale curvature and, therefore the gap of a gear MEMS
pair is continuously changing during the mesh cycle. To take this fea-
ture into account, an iterative approach was used based on a combi-
nation of solutions to 2D frictional Hertz-type problems obtained by the
Cardiff contact solver [21,27–29].

The B-S model is based on multiscale approach where the term
‘scale’ is related to the capabilities of the system to reflect different
physical-chemical mechanisms of interactions between surfaces
[23–25]. They considered the following scales: (i) atomic scale reflects
the phenomena specific to the characteristic length ≤l nm1 , namely
chemical interactions between surfaces; (ii) nanoscale reflects phe-
nomena specific to the characteristic length ≤ ≤nm l μm1 1 , mainly the
van der Waals interaction between surfaces; (iii) microscale is attrib-
uted to phenomena specific to the characteristic length ≤ ≤μm l mm1 1 ,
namely the mechanical interlocking of asperities, and (iv) macroscale is
attributed to phenomena specific to length scale over 1mm, including
the behaviour of the bulk of the body, which will couple the micro-
asperities together.

The main structure of the multiscale frame has been characterised
using statistics of the surface topography depending on the cross-sec-
tion area at the specific subscale (see Fig. 2). The model has been de-
signed to consist of a hierarchical multiscale asperity structure and the
supported rigid surface meshed, in addition to the sliding relative
motion. Park XE-100 AFM device, which is well described by Brousseau
et al. [30], has been used to test silicon surfaces. The hierarchical
multiscale asperity block is characterised to reflect the physical and
mechanical properties for the actual surface of the microgear MEMS
tooth.

The height and width of the adhesive subscale asperities were cal-
culated by determining the area of the surface, which is limited be-
tween the mean line and the root mean square for the silicon roughness
profile (Fig. 2). The nano-asperities were modelled as equally spaced
rectangles on the tip of the micro-asperities. The height of the asperities
was computed using root mean square of all asperity heights Rq, with
respect to the mean-line of the profile

∑=
=n

hR 1
q

i

n

i
1

2

(1)

where hi are the heights of the discrete points of the measured nano-
roughness, and n is the number of points.

Because the nano-asperity models both the chemical and the vdW
interactions, it has two characteristic widths and two characteristic
heights. If the nano-asperity is within the adhesive layer, then it has
contact due to van der Waals forces. In this case wvdW is the size of
adhesive contact and wchem is the size of chemical contact. The width of
the van der Waals interaction domain was computed by equally dis-
tributing the asperity volume bounded by the mean-line and the height
of the van der Waals interaction slab, to the number of asperities in this
window

= A
h n

w vdW

rms mean
vdW (2)

where AvdW is the area hatched in Fig. 2, hrms is the quadratic mean of
all asperity heights and nmean is the number of asperities intersected by
the mean-line.

Fig. 1. Self-assembled monomolecular layer on a silicon substrate and the
corresponding intermolecular forces (adapted from Ref. [9]). (For interpreta-
tion of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)
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At atomic subscale the silicon surface roughness was measured by
an AFM (see for example [21,22]). As it has been described above,
calculating the number of asperities at the representative length of the
surface profile and applying statistical analysis, the height and width of
the atomic subscale asperity, as well as the distance between the as-
perities were determined.

The distance between nano-asperities is computed as

= L
n

λ nano

mean (3)

where Lnano is the length of the sampling profile [25]. The height of the
chemical interaction slab was computed as the arithmetic average of all
asperity heights above the height of the van de Waals interaction slab.
The width of the chemical interaction domain is computed in a similar
way to the width of the van der Waals interaction domain. The volume
of the asperities above the height of the quadratic mean of asperity
heights is equally distributed to all nano-asperities. The resulting ap-
proximation is illustrated in Fig. 2. One should not be deceived by the
aspect ratio in these figures as the scales of the axes are different. This
value of the topography cross-section area is then equally redistributed,
as shown in Fig. 3.

In this geometry, the width of the adhesive subscale asperity has
been calculated to be equal to nm195 , the atomic subscale asperity
width equal to nm19.5 .

In the current model, micro-tooth surface has been modelled, as a
bulk silicon MEMS surface covered by nano-sized roughness whose
asperities are represented by nanoblocks having two subscales specified
by the character of interactions: atomic subscale, where the chemical
interactions are significant, and adhesive subscale, where the van der
Waals interactions are likely occurred [22]. The adhesive subscale of a
nanoblock have the same thickness, in fact it is an adhesive layer that is
defined employing ideas of the Maugis step-function approximation
[27]. The adhesion force of each nanoasperity has assumed to be equal
to the pull-off force in the non-slipping Boussinesq-Kendall model
solved by Borodich and using his no-slip coefficient [21,22].

In this section, sliding microgear MEMS teeth (a silicon surface
covered by nano-sized roughness) is functionalized by an OTS-SAM
coating layer (see Fig. 4a). The nanoasperities blocks are located over
the micro-tooth surface and the nano-blocks are distributed at the nodes
of a square lattice, as shown in Fig. 4b and c. The microgear MEMS
meshing teeth system was under the effects of nominal pressure, pt , and
friction force.

2.2. Calculation of friction force

The total friction force taken into account adhesion effect is de-
termined depending on the total energy Udiss dissipated through the
contact cycle

=F U x/f diss (4)

where Ff is the sliding friction force and x is the sliding distance over
MEMS tooth. This energy lost is due to elastic deformation of nanoas-
perity over the sliding distance and dissociation of chemical and van
der Waals bonds. Let us estimate the contributions of these components.

For a pure silicon surface, the dissociation of energy due to break
the chemical bonds between two silicon atoms [31] is equal to 327 kJ/
mol, hence the energy of one chemical bond is 5.4e-19 J. It is assumed
that if silicon atoms of the atomic scale asperities contact the silicon
atoms of the counterpart then all contacting atoms create chemical
bonds; in addition, if the chemical bonds are broken due to sliding then
the atoms create immediately new bonds with the counterpart atoms
within the contacting (overlapping) regions of the atomic subscale.
Then the total energy (UTotalchem) dissipated by chemical bonds at the
moment (t) is

=U t n t U( ) ( )Totalchem atoms chem (5)

where Uchem is the energy of the dissociation of one chemical bond and
natoms is the current number of the chemical bonds between counter-
part's surfaces.

Using (6), one can find the total energy (UTotalvdW) dissipated by van
der Waals bonds

Fig. 2. Computation of the width of the chemical and the van der Waals (green zones) interaction subscales for silicon roughness profile. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 3. A multi-scale hierarchical structure with a vertical degree of freedom.
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=U n UTotalvdW vdW vdW (6)

where UvdW is the energy of the dissociation of a van der Waals bond,
nvdW is the current number of the vdW bonds within the contacting
(overlapping) regions of the adhesive subscale. This energy is different
at each time moment along the contact cycle due to variability of the
number of nanoasperity in touch at that point. The energy spent for
elastic deformation (Uelastic) of a nanoasperity or the elastic interlocking
between the counterpart's surfaces of the silicon microgears teeth is also
taken into the account. Hence, the total energy loss is

+ +=U U U Udiss Totalchem TotalvdW elastic (7)

Then it follows from (4) and (7) that the friction force can be cal-
culated as

= + +F U U U x( )/f Totalchemical TotalvdW elastic (8)

The numerical simulations show that U t( )Totalchem gives the greatest
contribution to the sliding friction force in (7), and in turn in friction
while UTotalvdW calculated by (6) gives roughly less than 40% of the
total energy loss [21,22]. Using ideas of Derjaguin [32], COF (the
coefficient of friction) μ can be calculated as

= +μ F F F/( )f N adh (9)

Hence, it follows from the above expression and (8) that COF is

= +μ U x F F/ ( )diss N adh (10)

Here FN is the nominal normal force applied to the tooth surface in
the contact zone, and Fadh is the force of adhesion between contacting
surfaces. Hence, equation (10) can be rewritten as

Fig. 4. Hierarchically organised multiscale
asperities over the surface of microgear
tooth: a) a silicon microgear tooth (gray) is
covered by adhesive layer (green)with su-
perimposed atomic scale asperities (red),
and the whole structure is covered by an
OTS-SAM coating layer (black); b) a plane
view of a nano-block covered by atomic
scale asperities; c) a nanoblock representing
a MEMS asperity. (For interpretation of the
references to colour in this figure legend, the
reader is referred to the Web version of this
article.)

Fig. 5. Numerical results on variation of COF for functionalized coating teeth surface by OTS– SAM layer [22].
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= + + + + +μ U F F x U F F x U F F x/( ) /( ) /( )chemical N adh vdW N adh elastic N adh

(11)

As it has been mentioned, the mechanisms caused the energy lost in
the vacuum environment may be reduced to the energy lost due to the
elastic interlocking between the asperities located on the meshing
micro-tooth surfaces and the dissociation of chemical and van der
Waals bonds, and this is reflected in the following formula for the
coefficient of friction

= + +μ μ μ μchemical vdW elastic (12)

Adhesion force for one nano-asperity is assumed as the pull-off force
estimated by the Boussinesq-Kendall model modified by non-slip coef-
ficient C( )NS introduced [33–35]. Let Fadh1 be the adhesion force of one
nanoasperity and n be the number of asperities in contact. Then one has

= ∗F π w E C a8adh NS1 12
3 (13)

Here w12 is the work of adhesion and a is the radius of the contact.
For silicon, the Hamaker constant = −A J1.1 x 1012

18 and the separation
distance =D Å1.490 respectively [36], hence, the work of adhesion is
calculated as

= =w A π D J m/12 1.31 /12 12 0
2 2 (14)

It is assumed that a is the half width of the silicon adhesive asperity,
therefore, = =a W nm/2 97.5 ,adhesive then, by using Equations (13) and
(15), the total adhesion force Fadh at each point over the sliding distance

can be calculated as

=F n Fadh adh1 (15)

The contact modulus for silicon gears can be calculated by sub-
stitution the corresponding values of Young's E = 161 GPa, and the
Poisson's ratio ν=0.23 [35,37], hence, it is

= − =∗E E ν GPa/2 (1 ) 85.152 (16)

The no-slip coefficient [33–35] can be found as

= − − − =C ν ν ν(1 )ln(3 4 )/(1 2 ) 1.044.NS (17)

Adhesion layer thickness was assumed according to Maugis ap-
proach (see for details [26]). Therefore, the asperities of both the
atomic and adhesive sub-nanoscales will jump into contact when they
are within this layer of adhesion. The contribution of the vdW inter-
actions is twofold: (i) a small amount of energy is lost due to breaking
vdW bonds, and (ii) these interactions may attract the counterpart and,
therefore, to increase the number of interacting atomic subscale aspe-
rities that may greatly contribute to the amount of dissipated energy.

Thus, according to the roughness studies described above, a real
silicon rough surface has been described at different scales: nanoscale
that include atomic subscale of active chemical interactions and mo-
lecular subscale of active van der Waals interactions, and bulk elastic
scale. The Borodich-Savencu (B-S) one level model [23–25] that have
been developed for modelling of friction between nominally flat sur-
faces, has been extended to mirror the specific features of interactions
between MEMS teeth. The B-S model assumed the gap between the
surfaces is constant, while the gap in a gear MEMS pair is changing
during the mesh cycle. This was taken into account by the iterative
solutions of two-dimensional frictional Hertz-type problems using the
Cardiff numerical solver. The 2D Cardiff contact solver has been mod-
ified because the original solver was developed for EHL contact
[27–29], while we consider the case when there is no lubricant. The
modified solver and the above described approach allowed us to model
tribology of curved teeth using nanoblocks consisting of atomic and
molecular subscales located at varying levels. The apparent friction
force and coefficient of friction μ have been calculated by estimations of
the total energy per unit length dissipated through the above-men-
tioned physical and chemical mechanisms. It has been shown that there
is a high possibility of stiction (cohesion or the so-called cold welding)
between pure silicon MEMS teeth. Therefore, it has been proposed to
functionalize the tooth surfaces by carbon-based monomolecular films.

SAMs have been widely proposed and characterised as the

Fig. 6. Experimental results on variation of COF with sliding cycles for bare Si and OTS at a sliding velocity of 2 cm/s and normal load of 5 gm [45].

Fig. 7. A nanoblock functionalized by carbon-based monomolecular layer.
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lubricants for MEMS [1–3]. These monomolecular films can decrease
the COF and wear if they are deposited on the silicon substrate [38–40].
The COF for the OTS-SAM functionalized coating over the silicon mi-
crogear MEMS tooth surface has been calculated for fully functionalized
tooth surface, as shown in Fig. 8 and second when the wear started to
occur by stiction or due to the operation process (see Ref. [22] for
details). The numerical simulations [22,23] showed that the static
coefficient of friction decreases from 0.85 for silicon to 0.2 for self-
assembled monomolecular layer microgear MEMS teeth surfaces
(Fig. 5). The higher reduction in the coefficient of friction when ap-
plying the OTS-SAM is due to uniformity and higher packing density of
the monomolecular layer along with the non-reactiveness of the term-
inal groups. For bare silicon, stick-slip maybe occurs due to cohesion or
so-called cold welding between silicon contact surfaces, but this phe-
nomenon has been completely eliminated by the OTS-SAM functiona-
lized coated layer.

When the microgear MEMS tooth surface has fully protected with
OTS-SAM coating layer, the value of the COF is approximately 0.185.
This value is quite suitable to continue the operating system without
any problems occurring due to stiction or friction. As it has been
mentioned above, this observation confirms our assumption that the
temperature effects may be neglected for MEMS having functionalized
protective monolayers.

Speaking about fatty acid monomolecular boundary layers,
Akhmatov [41] noted that a new phase surface formed by CH3 end-
groups of carbon chains appear on the crystal surface. In the case under
consideration, instead of the CH3 end-groups of carbon chains we have
the OTS-SAM that are charged due to uniform orientation of their
molecules [9]. Let us consider two functionalized coated surfaces
having the same charge. If these surfaces approach each other then, the
boundary layer forces occur between the charged surfaces. The closer
surfaces the higher boundary layer forces. Because these forces are
repulsive, they generate extra negative pressure between these surfaces
[41,42]. In other words, the two functionalized surfaces will repel each
other because they have the same charge [43,44]. Due to this repulsion,
possibility of stiction between these contacting functionalized surfaces
is rather low. Due to lack of reliable experimental results, we have not
taken into account the forces arose due to formation of the boundary
layers between the coated surfaces. However, if one looks at the
structure of a SAM layer where the head group is attached to the silicon
surface due to chemical sorption, while the tails (spacer and terminals
groups) are organised into regularly oriented molecular structure, then,
it is very likely that the functionalized layers form charged boundary
layers. Due to similar charged tails, the boundary layer interactions

between the SAM layers are repulsive; this will lead to decrease the
value of the compression between surfaces, i.e. if the compressing
normal force FN is considered as positive then

+ <F F F .N adh N

Here Fadh is the boundary layer repulsive force. Hence, the approach
between the surfaces decreases and in turn, both values of the total
energy dissipated by van der Waals bonds: UTotalvdW and the energy
spent for elastic deformation of a nanoasperities or the elastic inter-
locking between the counterpart's surfacesUelastic will decrease. This will
lead to general decrease of the coefficient of friction (COF). In addition,
the functionalized layers prevent silicon surfaces from chemical inter-
actions, therefore the energy dissipated by chemical bonds may be
neglected. These phenomena can be the reason that the COF for OTS-
SAM layer that has calculated from our model is 0.2, while it is about
0.075 for 50 gm and sliding velocity 0.1mm/s. However, for velocity
equal to 2 cm/s and load equal to 5 gm, our estimations are quite close
to the experimental observations (see Fig. 6) [45].

3. Damage mechanics of carbon-based functionalized
monomolecular layers

3.1. Classical models of damage accumulation

The damage mechanics [46], has been well developed for bulk
materials. Rabotnov has introduced an internal damage variable

≤ ≤ω ω(0 1), while Kachanov worked with continuity variable
= −ψ ψ ω( 1 ). If ω=0 then the material is undamaged, if ω=1 then

the material is completely damaged. The damage variable ω is very
important to study damage evolution of materials. It has been shown
that often the use of the parameter is physically justified and it provides
a measure of the influence that is randomly distributed micro defects
exert on the macro parameters of a structure and its macro response
[47].

The concept of damage has various applications [46–48] including
tribological ones. Goryacheva and Chekina [49] developed a model of
damage accumulation and fatigue wear within an elastic half-space.
Contact of limited number of asperities with elastic half-space was
considered by Goryacheva and Dobychin [50]; they obtained non-uni-
form load distribution between asperities. Various models of discrete
contact were developed and described in detail by Goryacheva [51].
These models were used in various damage accumulation models of
tribology including tribology of coated surfaces [19,20].

A wide range of surface coatings materials were produced especially

Fig. 8. Approximation of geometry shape for the atomic subscale asperities.
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those based on carbon and other coating materials [52–54]. These
coatings materials have the ability to work as solid lubricants and also
as anti-wear coatings in different industrial and research applications.
Besides they provide relatively low friction, these materials provide a
very high resistance to wear and fracture. Normally, when the load
applied, high shear stress is generating on the surface and it may induce
cracking process in the coating layers [55]. The crack growth is clas-
sified into two mechanisms. First, the failure in the interface between
coating layer and substrate and the second is increasing of crack size or
the growth of cracks through the coating layer itself. Both mechanisms
of micro-cracks growth are governed by shear stress. The actual
cracking mode depends upon the fracture strength of the coating ma-
terial, interface strength, aspect ratio (ratio of the coating layer thick-
ness to the radius of the circular shaft bar), and the elasticity of both
coating and substrate materials. Moreover, in the cracked coated sur-
face, the interfacial stresses close to the crack tip can simulated similar
to the free edge stresses that have extensively studied in laminated
composite materials [55]. In 2003 Goryacheva and Torskaya in-
troduced a model for calculation the damage accumulation in a coated
surface in friction contact [56]. The calculations were performed by
applying a periodic system of indenters. These calculations are based on
development of models of discrete contact described by Goryacheva
[49]. Later the models of the damage accumulation in coated surfaces
were developed further by taking into account the effects of the surface
geometry parameters at the microscale on the performance of the
sliding contact pressure and the sub-stresses in the coating layer joined
to an elastic surface [19,20]. Here the damage accumulation will be
considered in application to monomolecular coatings.

3.2. Distribution of contact forces between atomic scale asperities

A carbon-based functionalized coating material has been used in
this model, which is molecular ultra-thin layers organised by one layer
of molecules assembled on silicon substrate (see Fig. 7).

In Fig. 7 Wadhasive is the width of the adhesive subscale of the na-
noblock coated by ultra-thin monomolecular layer. Therefore, the
elastic properties of this layer such as elasticity moduli and the Poisson
ratios are not taken into the account. Through the sliding motion of the
microgear teeth upon each other, the blocks of asperities generate some
friction force. This will cause a destruction of the surface functionalized
coating after some contact cycles. As it follows from the above de-
scription of the damage model presented, it is important that the
functionalized layer is very thin and the stress distributions of the non-
functionalized and functionalized tooth surfaces differ due to the dif-
ference in the COF, while specific properties of the OTS-SAM are taken
into account through the critical value of the damage parameter. Thus,
the damage model presented in this paper is applicable to other thin
carbon-based functionalized layers. The same is related to the influence
of the packing density and the ordering of SAMs, i.e. these specific
properties are also taken into account through the critical value of the
damage parameter.

Fig. 8 shows the approximation of the asperities geometry by the
atomic subscale of the nanoblock.

Here we intend to determine the load distribution between atomic-
scale asperities. Then we will analyze solutions of the appropriate
contact problems. The analysis is possible due to some assumptions.
First, we assume that the nanoscale asperities deform only elastically
due to the Polonsky-Keer effect [57,58]. We assume also that the shear
stresses within the contact regions may be neglected. Because the SAM
coatings are very thin (in fact, they are monomolecular coatings), the
mechanical properties of the coating do not influence the contact
characteristics and the coating surface stresses can be considered as
equal to the stresses on between tooth surfaces. The study of this pro-
blem consists of the following steps: (i) determination of load dis-
tribution between atomic asperities taking into account mutual effect;
(ii) calculation of friction force; (iii) contact problem solution for single

atomic asperity, calculation of stresses at the surface taking into ac-
count friction; (iv) analysis of damage accumulation for time-dependent
load.

For the first step of the solution, we assume that contact pressures
under the flat asperities are constant. The scheme of multiple contacts is
presented in Figs. 7 and 8.

We consider that the condition of equal penetration is valid for the
center of each asperity:

= = = …w c const i, 1 9i (18)

The elastic displacements are determined by deformation of aspe-
rities wi

(1) and elastic half-space wi
(2):

= + ∈ = …w x y w x y w x y x y Ω i( , ) ( , ) ( , ), ( , ) , 1 9i i i i
(1) (2) (19)

where Ωi is a contact zone for an asperity. The model of Winkler-Fuss
foundation is used for asperities, the compliance Ks is obtained from
silicon elastic characteristics (the silicon Young modulus is =E 161s
GPa [37]) and the heights of atomic and adhesive asperities (see Fig. 3):

= = …w x y K p i( , ) , 1 9i s i
(1) (20)

Here pi is a constant pressure in a contact zone i. The surface dis-
placement of the elastic half-space under a constant load distributed in
circle region is determined by the following relation for the center of
the region [59]:

∑=
−

=

w x y
v p

E
φ r( , )

4(1 )
( ),i

j

j

s
i
j(2)

1

9 2

(21)

⎜ ⎟⎜ ⎟ ⎜ ⎟ ⎜ ⎟

=
⎧

⎨
⎪

⎩⎪

=

⎛

⎝
⎜ ⎛

⎝
⎞
⎠

− ⎛
⎝

− ⎛
⎝

⎞
⎠

⎞
⎠

⎛
⎝

⎞
⎠

⎞

⎠
⎟ ≠

φ r

a i j

E K i j
( )

1i
j

r
π

a

r

a

r

a

r

2
i
j

i
j

i
j

i
j

(22)

Here E x K x( ), ( ) are elliptic integrals, ri
j is the distance between the

centres of zones i and j.
The equilibrium condition is used as following:
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Here Pi is a load for an asperity.
In above relations we have linear dependence of displacements on

constant pressures inside the contact zones, so the problem reduces to a
system of linear equations:
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Here kv is load-displacement coefficient, i.e. the Winkler-Fuss elastic
bed constant (deformation of asperity), kj

i is influence coefficient
caused by deformation of the counter body. The results are obtained for
six different values of loading that have choosing for single adhesive
asperity. The results for load distributions between atomic-scale aspe-
rities are presented in the following table:

3.3. Calculation of surface stresses at each atomic scale asperity

The geometry shape of the atomic subscale asperities have ap-
proximated to semicircular cross-section to avoid the high stresses on
the edges of the asperities. The geometry surface shape has approxi-
mated according to the following shape function =f r B r( ) 4

4 with de-
gree of order 4 to be close to its original shape. Therefore, it is look
similar to an indenter with flat base and semicircular edges. The geo-
metrical parameter B4 has calculated to be equal to × −m4 1022 3 for the
geometry of atomic asperities.

To show the effect of approximation especially close to the edge, the
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shift distance could be calculated from power law as follow.

= =z f r B r( ) 4
4 (25)

Then by using the half width of one atomic subscale asperity as
= × −r( ) 9.75 10 9, and = × −B m4 104

22 3 Then,
= × × ×− −z m4 10 (9.75 10 )22 3 9 4, that is mean, = × −z 3.62 10 10

= 3.62 Å. Therefore, the atomic subscale asperity edge will be shifted by
z, which is approximately distance of two atoms, that is relatively small
distance but in the same time rapidly reduce the stresses on the edges of
the asperity. We use Galin's solution [60] to find contact pressure dis-
tribution:
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The equilibrium condition is the following:

∫ ∫=P p r rdrdφ( )
π a

0

2

0 (27)

The problem is solved numerically. Iterations are used to satisfy
equilibrium conditions and to find contact radius a. The loads values
obtained from the multiple contact problem solution have been used to
determine the contact pressures. The principal shear stress at the sliding
contact surfaces are calculated using generalized Boussinesq and
Cerruti solutions [59] with =μ 0.2 (see Fig. 5). For the edge of the
atomic subscale asperity, the results for maximal load

× − N0.8275221560 10 6 are presented in Fig. 9a for contact pressure and
Fig. 9b for principal shear stress τ at the surface of atomic subscale
asperity. The radius of contact is nm8.95 . It is important to note that the
procedure of calculations with power 6 in (22), i.e. =z B r6

6, leads to a
very similar result; in particular, the difference in maximal value of
pressure and the contact radius is less than 8%.

Simulations have showed that the atomic subscale asperity, which is
located at the corner of the adhesive subscale asperity, is under stresses
higher than stresses at other asperities. Because of that, the cracks or
damage in the functionalized coating layer will begin in the edge of the
asperity. Fig. 9b shows clearly that there is high principle shear stress
on the edge of the adhesive subscale asperity (at the corner atomic
subscale asperity), which gives damage a high chance to start there.
That is maybe explained why the coatings fracture occurs not si-
multaneously. The results of calculations for contact area are in the
following table:

3.4. Calculation of the damage accumulation

The relation between the damage accumulation rate and the am-
plitude value Δτ1 of the principal shear stress at the point can be pre-
sented as the following modification of the Rabotnov equation:

⋅ = ∂
∂

=ω x t ω x t
t

c Δτ x t( , ) ( , ) . ( ( , ))m
1 (28)

Where c and m are phenomenological parameters and Δτ x t1( , ) is the
amplitude value of the principal shear stress at the point (x) for one
period of sliding loading. The parameter c is used to normalise the
equation. Indeed, the physical dimensions of the components are the
following:

= = = =− − − − − −ω T Δτ FL Δτ FL c FL T[ ] ; [ ] ; [( ) ] ( ) ; [ ] ( )m m m1
1

2
1

2 2 1 (29)

where F , L and T are the dimensions of force, length and time re-
spectively. Here we have used the Maxwell notation ⋅[ ] for physical
dimension of the variable in the square brackets. If the problem is
periodic, then we can replace the time variable by the number of cycles
N .

Now we have to estimate the number of subcycles k that is how
many times we can observe increasing and decreasing of the load acting
on the nanoblock within one cycle for MEMS teeth

= ⋅ω x k c Δτ x k˙ ( , ) ( ( , ))m
1 (30)

Equation (30) can be transformed to an equation for damage
ω x k( , ), which is accumulated at fixed point x during k subcycles of a
mesh cycle in a nanoblock
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i
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1
1 1
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Where c1 is a normalization parameter such that the damage ω x k( , )
calculated according to (31) satisfies the restrictions ≤ ≤ω(0 1). The
physical dimension of c1 is

= − −c FL[ ] ( ) m
1

2 (32)

Using the numerical simulations [22], we obtained the graph of the
distribution of pressure acting on a tooth along x (sliding distance).
Distribution of pressure acting on a tooth along sliding distance are
shown in Fig. 10. According to the pressure distribution over sliding
distance, there are =k 48 fluctuation cycles of pressures.

Because each nanoblock at the atomic subscale has 9 asperities, 9
different values of the principal shear stress Δτ1 acting on each atomic
asperity are calculated using the distribution of pressure obtained. To
show the principal shear stress distributions, the cross-sections in

Fig. 9. (a) Contact pressure for atomic subscale asperity; (b) principal shear stress τ at the surface of atomic subscale asperity.
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sliding direction through the center of contact zone for each of the
atomic asperity of a nanoblock are taken. These stresses are presented
below for the corner atomic subscale asperity (line 1), side atomic
subscale asperity (line 2) and central atomic subscale asperity (line 3).
Load for an adhesive subscale asperity is × − N7.016 10 6 (maximum) as
shown in Fig. 11.

Fig. 12 shows principal shear stress distributions for the corner
atomic subscale asperity, when it under the effect of different values of
loads applied for example ( × − N0.816 10 6 , × − N3.428 10 6 and

× − N7.016 10 6 for 1, 2, 3 lines respectively).
The numerical results for damage function (ω c/ 1) has been calcu-

lated with two different value for the phenomenological parameter m
(obtained for =m 1 and = 2 ) the summation of 48 cycles, the corner
atomic subscale asperity (line 1), side atomic subscale asperity (line 2)
and central atomic subscale asperity (line 3). One can see that the
variations of the parameter m cause the significant difference between
the graphs. One can see in Fig. 11 that the maximum value for damage
function (ω c/ 1) equals ( ×2.4 1010) when =m 1. While it equals to
( ×1.6 1019) when =m 2 as shown in Figs. 13 and 14 respectively.

The maximum values for the damage function ( ω c/ 1 ) have been
calculated with respect to their location on the microgear MEMS tooth
surface and presented in Table 3 when the parameter =m 1 and in
Table 4 when (see Table 2) =m 2. This calculations for corner atomic
subscale asperity, side atomic subscale asperity and central atomic
subscale asperity respectively to show the variation of damage with
respect to location of subscale asperity.

That is mean the lifetime cycle of the corner atomic subscale
asperity, which is located at the edge of the adhesive subscale asperity
where the shear stress at maximum value, will be less than the lifetime
of central atomic subscale asperity by 9% when =m 1 and 18.65%
when =m 2. In other words, the start of coating fracture is at the point
of maximal damage concentration.

After the damage parameter reaches its critical value, the fracture
process within the coating (wear of the monomolecular coating) may
have two main scenarios: (i) the full instantaneous delamination of the
coating from a single atomic scale asperity of the nanoblock; and (ii) the
partial delamination of the coating at the periphery of the atomic scale
asperity. The former scenario may get a realization if the interactions
between the spacer groups of the monomolecular layer are considerably
higher than the chemisorption bonds between the heads and the sub-
strate (see Fig. 1). The later scenario may get a realization if the che-
misorption bonds are rather strong and the interactions between the

Fig. 10. Distribution of pressure acting on a tooth along x (sliding distance). There are k=48 picks of the pressure fluctuations.

Fig. 11. Principal shear stress distributions for corner (1), side (2) and central
atomic subscale asperities (3) when load is maximum × − N7.016 10 6 .

Table 1
Nominal and distributed load over the atomic subscale asperities.

Load for adhesive
asperity, × − N10 6

Corner asperity,
× − N10 6

Side asperity,
× − N10 6

Central asperity
× − N10 6

0.817 0.0963 0.0884 0.0782
0.99 0.1167 0.1071 0.0947
1.794 0.2115 0.1941 0.1717
3.428 0.4041 0.3709 0.3281
4.405 0.5193 0.4766 0.4216
7.017 0.8275 0.7595 0.6719

The maximal and minimal values of the load are realized for the corner and
central asperities respectively.
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spacer groups are relatively weak. The realization of the later scenario
leads to higher life expectation of the functionalized layer.

4. Conclusion

In this paper, the work of microgear MEMS teeth have been simu-
lated in the vacuum environment and, therefore, the energy dissipation
mechanisms have been reduced to the dissociation of chemical and van
der Waals interactions along with the elastic interlocking between
counterparts subscale asperities. The models developed allowed us to
simulate various tribological phenomena, including adhesion, friction,
wear and the elastic interlocking of the tooth surfaces.

The chemically active tips of bare silicon asperities are terminated

by self-assembled monomolecular layer of Octadecyltrichlorosilane
(CH3 (CH2)17SiCl3, OTS). This layer not only prevent teeth from cold
welding (creating chemical bonds) between silicon surfaces but also the
functionalized coating layers form charged boundary layers. Due to
similar charged tails, the boundary layer interactions between the self-
assembled monomolecular layers are repulsive; this will lead to

Fig. 12. Principal shear stress distributions for the corner atomic subscale as-
perity with different values of load ( × − N0.816 10 6 , × − N3.428 10 6 and

× − N7.016 10 6 for lines 1, 2 and 3 respectively.

Fig. 13. Damage function (ω c/ 1) when m=1, corner atomic subscale asperity
(line 1), side atomic subscale asperity (line 2) and central atomic subscale as-
perity (line 3) respectively.

Fig. 14. Damage function (ω c/ 1) when m=2, corner atomic subscale asperity
(line 1), side atomic subscale asperity (line 2) and central atomic subscale as-
perity (line 3) respectively.

Table 2
Nominal load and the radius of contact area over the atomic subscale asperities.

Load for adhesive
asperity, × − N10 6

Corner asperity,
nm

Side asperity,
nm

Central asperity,
nm

0.817 5.82 5.72 5.59
0.99 6.05 5.94 5.80
1.79 6.82 6.70 6.52
3.43 7.76 7.62 7.44
4.41 8.16 8.02 7.82
7.02 8.95 8.80 8.59

Table 3
Maximum values for ω c/ 1 when m=1 and their location.

Asperity position x ω c/ 1

Corner asperity − × −0.8226 10 8 ×0.2482 1011

Side asperity − × −0.8007 10 8 ×0.2433 1011

Central asperity − × −0.78 10 8 ×0.2257 1011

Table 4
Maximum values for ω c/ 1 when m=2 and their location.

Asperity position x ω c/ 1

Corner asperity − × −0.8182 10 8 ×0.1706 1020

Side asperity − × −0.7990 10 8 ×0.1608 1020

Central asperity − × −0.78 10 8 ×0.1388 1020
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decrease the value of the compressing force. Therefore, for the same
normal force FN the approach of the surface will decrease and hence,
both values of UTotalvdW and Uelastic will decrease. This will lead to
general decrease of the COF.

The rough MEMS tooth roughness has been described as smooth
curved silicon surfaces covered by adhesive nanoblocks representing
the asperities. Each nanoblock consists of two hierarchical atomic and
adhesive subscale elements. The amount of energy dissipated by dif-
ferent physical and chemical mechanisms in additional to the sliding
contact motion between the counterparts can be estimated and used to
evaluate the frictional force. Numerical simulations show that if the
microgear MEMS surfaces are not functionalized, then the friction force
is very high [12,13]. For the functionalized MEMS, initially the tooth
surfaces do not stick to each other. However, as the functionalized
monomolecular layer starts to be worn away, the stiction may occur.

To study the wear of the functionalized coating, the model of da-
mage accumulation that connects contact stresses and strength char-
acteristics of materials with fatigue crack initiation [10,11], was
adapted for this specific case. For the present composition of structure,
we are interested only in surface damage because the strength char-
acteristics are essentially different for the functionalized carbon-based
monomolecular layer and bulk silicon. The dry frictional contact of a
single tooth pair has been studied because the maximum damage occurs
under action of the maximum load.

The damage evolution is described for several levels of external
load. It is shown that the coatings wear occurs not simultaneously,
because the atomic subscale element located at the corner of the na-
noblock will have higher stresses than other atomic subscale elements
of the nanoblock. It is argued that after the damage parameter reaches
its critical value, the wear process within the coating (wear of the
monomolecular coating) may have two main scenarios: (i) the full in-
stantaneous delamination of the coating from a single atomic scale
asperity of the nanoblock; and (ii) the partial delamination of the
coating at the periphery of the atomic scale asperity. The former sce-
nario may get a realization if the interactions between the spacer
groups of the monomolecular layer are considerably higher than the
chemisorption bonds between the heads and the substrate (see Fig. 1).
The later scenario may get a realization if the chemisorption bonds are
rather strong and the interactions between the spacer groups are rela-
tively weak. The realization of the later scenario leads to higher life
expectation of the functionalized layer.
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