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INTRODUCTION

Micro-Electro-Mechanical Systems (MEMS)
are miniaturized devices that perform intelligent
functions. They can be classified as: (i) sensors
based, which have sensing elements and (ii)
actuators based, which have elements that un-
dergo mechanical motion. Micro-motors/engines,
micro-gears and micro-shutters are examples of
actuators based devices. Figure 1 shows a micro-
gear made from silicon (http://www.sandia.gov/
mstc/_assets/images/mems/gallery/gears/1.jpg).
In these devices, tribological issues such as adhe-
sion, friction and wear strongly manifest, which
undermine the mechanical motion of MEMS ele-
ments (Kim, Asay, & Dugger, 2007). Therefore, it
is imperative to solve these tribological issues in
order to realize smooth operation and increased
operating lifetimes of actuators based MEMS.
Conventionally, thin films/coatings have been
researched for their application to MEMS as solu-
tions to mitigate the tribological issues. Examples
include self-assembled monolayers (SAMs),
diamond-like carbon (DLC) coatings, polymers
and perfluoropolyether films (PFPE) (Bhushan,
2001). Inrecent years, bioinspired approaches have
attracted attention as better alternative solutions
for MEMS. This chapter highlights bioinspired
approaches that are promising tribological solu-
tions for actuators based MEMS devices.

BACKGROUND

MEMS are built at micro/nano-scale. At these
scales, the ratio of surface area to volume is high.
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Figure 1. MEMS micro-gear made from silicon.
(http://www.sandia.gov/mstc/_assets/images/
mems/gallery/gears/1.jpg). In MEMS devices,
tribological issues such as adhesion, friction
and wear strongly manifest and undermine the
mechanical motion

Hence, body forces such as inertia and gravity
become insignificant. In contrast, surface forces
such as capillary, van der Waals, electrostatic,
and chemical bonding dominate. These surface
forces cause adhesion at the interface of contact-
ing MEMS elements. Amongst these forces, the
capillary force that arises due to the condensation
of water from the environment is the strongest.
Further, adhesion strongly influences friction
at micro/nano-scale (Maboudian & Howe,
1997). The magnitude of these surface forces is
comparable with those that drive the motion of
MEMS elements, thereby rendering the elements
completely inoperable. MEMS are tradition-
ally made from silicon due to availability of the
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process knowledge developed for the material in
semiconductor industries. However, silicon does
not have good tribological properties (Bhushan,
2001). Silicon due toits inherent hydrophilic nature
experiences high surface forces, and because of
its brittle nature it undergoes severe wear. Thus,
the improvement of tribological performance of
silicon is the key to realize the smooth operation
of actuators based MEMS. Williams and Le have
presented an excellent review on the tribological
issues in MEMS devices (Williams & Le, 2006).

Tribological properties of materials at micro/
nano-scale are evaluated using atomic force micro-
scopes (AFM) and micro-tribo testers. With these
instruments, contact conditions similar to those
in MEMS can be easily simulated (loads ~nN to
uN-mN; area ~few hundreds of nm?).

CONVENTIONAL SOLUTIONS

The gap between moving elements in MEMS is
usually about few microns. Hence, solid lubricants
(e.g. graphite, MoS , WS,) orliquid lubricants (e.g.
oils, greases) cannot be applied in MEMS devices
as their sizes are of the same order as those of
MEMS elements. Due to this reason, thin films/
coatings with thickness less than few microns
have been investigated for their application as
‘boundary lubricants’ for MEMS. Table 1 shows
the water contact angle (CA) values, nano-scale
adhesion force and nano-scale friction coefficient
(p,) of silicon (Yoon et al., 2005). The table also
shows CA values and nano-tribological proper-
ties of thin films/coatings, namely diamond-like
carbon (DLC), Z-DOL (commercial name for
perfluoropolyether, PFPE), and OTS (octadecy-
Itrichlorosilane) SAM (Yoon et al., 2005; Liu &
Bhushan, 2003, Liu, Ahmed, & Scherge, 2001;
Singh & Yoon, 2007). The adhesion values given
in the table were obtained from force-distance
curves measured using AFM. In some cases, the
values are taken from the negative intercepts in
the friction force versus normal load plots. The
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nano-scale friction coefficient (p ) is estimated
as the slope of friction force versus normal load.

Surface energy of amaterial is indicated by the
contact angle between a water droplet and its sur-
face (water contact angle is inversely proportional
to surface energy (Bain, Evans & Whitesides,
1989). From Table 1, it is seen that the adhesion
values of the test materials are inversely dependent
ontheir CA values. Siliconis hydrophilic in nature
and thereby it supports strong capillary force that
causes high adhesion. This in turn increases its
friction, which retards the motion of actuators. In
contrast, DLC, Z-DOL and OTS have higher CA
values. This means that they have lower surface
energies and sustain lower surface forces. When
applied to actuators these materials are capable
of promoting smooth motion.

Table 1 shows micro-scale friction coefficient
(p,) and durability (i.e. the number of cycles for
the onset of wear) of the test materials (Yoon et
al., 2005; Liu & Bhushan, 2003, Liu, Ahmed, &
Scherge, 2001; Singh & Yoon, 2007). At micro-
scale, silicon undergoes severe wear within a short
duration of time, i.e. it has low durability (< 100
cycles). Figure 2 shows a worn surface of silicon
tested at micro-scale. Wear in the case of DLC, Z-
DOL and OTS begins only after hundreds of cycles
of sliding, which indicates good durability. These
boundary lubricants have distinct mechanisms
that promote good tribological properties. By
nature they are semi-hydrophobic/hydrophobic,
due to which adhesion and friction get reduced
to a great extent. In DLC films, in addition to
their semi-hydrophobic nature, the formation of
transfer layer on the counterface surfaces lowers
friction and wear (Erdemir et al., 1996). Z-DOL
has fluorine atoms which makes its hydrophobic.
Fluorine atoms have larger van der Waals radii that
support molecular scale order under shear thereby
making Z-DOL a good lubricant (Bhushan, 2001).
In OTS, the molecular chains act as molecular
springs and reduce friction (Liu & Bhushan,2003).
When these boundary lubricants are applied to
silicon MEMS, the tribological performance of
the devices can be considerably enhanced.
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