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Friction and48. Friction and Wear in Micro- and Nanomachines

Maarten P. de Boer, Alex D. Corwin, Frank W. DelRio, W. Robert Ashurst

The prediction and characterization of multi-
length-scale tribological phenomena is challen-
ging, yet essential for the advancement of micro-
and nanomachine technology. Here, we con-
sider theoretical underpinnings of multiasperity
friction, review various approaches to measure
micro- and nanoscale friction, and discuss the ef-
fect of monolayer coatings to reduce friction. We
then focus on test results from a friction-based
actuator called a nanotractor. The experimental
procedures and data analysis used to measure
friction, adhesion force, and wear are detailed.
We observe and discuss a variety of phenomena
including nanoscale slip with an associated bifur-
cation in the transition to motion, contact aging
and deaging, a stick–slip/steady sliding bifurcation
behavior, and wear. We anticipate great progress
towards reliable, contacting micro- and nanoma-
chines by linking theory and experiment to nano-
and microscale tribological phenomena and by
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improving the testing, materials, and processing
methods used to characterize these phenomena.

Friction and wear phenomena present challenges and
opportunities for micro- and nanosystems. In many
possible applications, counterfaces rub against each
other. Examples of how this can occur are illustrated
in Fig. 48.1, where a close-up of features in a com-
plex locking mechanism [48.1] are shown. Here, a large
gear ratio is employed to amplify torque. The gear
teeth mesh and rotate about hubs that are made by
a five-structural-level polycrystalline silicon (polysil-
icon) surface micromachining technology at Sandia
National Laboratories, known as the SUMMiT V pro-
cess [48.2]. The gears are equipped with features known
as dimples to minimize contact and hence adhesion with
the substrate. The dimples also prevent the gears from
tilting excessively, as does the guide shown at the top
right of Fig. 48.1. The output gear meshes with a linear
rack that is guided via long rails, and rubbing contact is
also made there. To move from right to left, a pin must
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Fig. 48.1 Rubbing surfaces occur in many micromachine
applications, and pose a reliability challenge. This figure
shows an example of complex mechanical logic
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1742 Part H Micro-/Nanodevice Reliability

correctly traverse a maze inside the linear rack. If an
incorrect decision is made, a ratchet and pawl mecha-
nism (not shown), which also requires rubbing contact,
prevents resetting.

In the example shown in Fig. 48.1, friction is
generally a parasitic effect and efforts are directed
towards minimizing it. Eliminating friction in microma-
chines has proven difficult, yet therein lies opportunity.
A number of researchers have chosen to take ad-
vantage of friction, achieving impressive micro- and
nanoscale actuation performance. The actuators are mi-
croscale stepper motors with step sizes on the order
of 10–100 nm, and with long travel ranges up to hun-
dreds of μm. Also, their actuation forces can reach
the mN scale. These characteristics compare favorably
with the more commonly used comb drives, which typ-
ically move 10–20 μm and deliver forces in the low μN
range. Such features make such stepper motors attrac-
tive, including for positioning for optical [48.5], data
storage [48.6, 7], and medical [48.8] applications. We
also envision that they may be very useful for testing
properties of micro- and nanoscale specimens as well
as for manipulating nanoscale instruments.

Several representative implementations of mi-
croscale linear actuators, in which actuation is based
on frictional effects, are illustrated in Fig. 48.2. Each of
these devices has unique design features, performance
tradeoffs, and processing requirements. An asymmet-
ric bushing geometry enables the motion of the scratch
drive actuator (SDA) in Fig. 48.2a [48.3]. The lay-
out and the drive signal for the SDA are simple,
the device area is small (≈ 30 μm × 100 μm), the ap-
plied voltage is moderate (30–100 V, depending on
layer thicknesses), it travels unidirectionally a distance
of 500 μm or more [48.9], and it generates reason-
ably large forces (tens of μN) [48.3]. A model that
predicts operating voltages has been developed, but
it does not treat frictional forces [48.10]. The shuf-
fle motor [48.11] and nanotractor [48.12] (150 μm ×
600 μm) designs place voltage-controlled clamps at the
ends of an actuator plate, enabling bidirectional mo-
tion. These actuators can be modeled well and the
nanotractor, pictured in Fig. 48.2b, achieves a theoret-
ical maximum force value of Fmax = 0.5 mN [48.12].
A subsequent design known as the μWalker with two
degrees of freedom has been demonstrated [48.4, 13]
as shown in Fig. 48.2c. Both the nanotractor and the
two-dimensional (2-D) μWalker achieve other theo-
retical expectations including step size on the order
of tens of nm and velocity proportional to step fre-
quency up to the mm/s range. The 2-D μWalker is

100 µm
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Fig. 48.2a–c Rubbing surfaces can also be used to create
powerful actuators such as (a) scratch drive actuator (af-
ter [48.3], c© IEEE by permission). (b) Nanotractor. (c) 2-D
μWalker (after [48.4], c© Koninklijke Bibliotheek, Den
Haag)

realized in a four-mask process with two layers of
structural polysilicon. It takes advantage of a Si3N4
coating for in-plane isolation of voltage applied to the
clamps, and also as a mechanical layer to enhance
wear characteristics. The nanotractor is fabricated in the
SUMMiT V process and is also a model friction test
structure.

In the following sections, we shall describe the-
oretical underpinnings of multiasperity friction, mi-
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Friction and Wear in Micro- and Nanomachines 48.1 From Single- to Multiple-Asperity Friction 1743

cromachined test structures to measure friction, and
monolayer coatings that have been used to reduce fric-
tion in microelectromechanical systems (MEMS). The

major focus of this chapter will then be on testing,
metrology, friction, and wear in experiments with nano-
tractors.

48.1 From Single- to Multiple-Asperity Friction

According to Amontons’ empirically deduced law
[48.14], the friction force Ff is directly proportional
to the applied normal load Fn and independent of the
apparent contact area Aa as described by

Ff = μFn , (48.1)

where μ is the coefficient of friction. For surfaces at
rest, the coefficient of static friction is denoted by μs,
while for surfaces in relative motion, the coefficient of
dynamic friction is denoted by μd.

By considering two surfaces in mechanical contact,
it becomes clear that real surfaces are rough on the mi-
croscale, consisting of many peaks and valleys. Thus,
the real contact area Ar between two surfaces is actually
defined by the highest peaks, also known as asperities,
and is much less than the apparent contact area Aa.
Bowden and Tabor [48.15] presented the idea that fric-
tion is related to the real (as opposed to apparent) area of
contact via two basic mechanisms: shearing and plow-
ing. Shearing refers to the force required to break the
junctions at contacting asperities, while plowing repre-
sents the force needed for a hard asperity to displace
softer material. In the absence of plowing (i. e., for two
materials with roughly the same hardness, as is usu-
ally the case in micromachined materials), friction is
directly proportional to the real contact area via

Ff = τ Ar , (48.2)

where τ is the shear strength of the contact. Hence
Amontons’ law is recovered if Ar is proportional to
normal load.

The proportionality between real contact area and
applied load, however, seems to disappear for two as-
perities in elastic contact. Hertz [48.16] provided the
first analysis of the stress distribution and displacement
at the interface of two elastic spheres, which can be sim-
plified to a sphere in contact with a flat. The total load
Fn compressing a sphere of radius R into a flat surface
can be related to the contact area Ar by

Ar = π

(
3Fn R

4E∗

) 2
3

, (48.3)

where the combined elastic modulus of the two con-
tacting surfaces E∗ = [(1 − ν2

1)/E1 + (1 − ν2
2)/E2]−1.

Johnson, Kendall, and Roberts (JKR) later observed
that the contact area between two rubber spheres was
larger than that predicted by the Hertz theory and de-
veloped a model to account for the surface forces at the
interface [48.17]. The model was based on a balance be-
tween the stored elastic energy, the mechanical energy
in the applied load, and the surface energy. Derjaguin,
Muller, and Toporov (DMT) used a thermodynamic ap-
proach to consider the molecular forces in and around
the contact zone [48.18]. Unlike the JKR approach,
though, the profile of the sphere outside of the con-
tact area was assumed to be Hertzian (i. e., the surface
forces are small enough that their effect on the defor-
mation of the sphere can be neglected). Initially, the
models seemed to contradict each other. Tabor [48.19]
determined that the models represent the extreme ends
of a spectrum, and developed a parameter μT to span
the spectrum. Accordingly, the JKR theory is suitable

JKR
Maugis–Dugdale (λ = 0.5)
DMT
Hertz
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Ar/π(3πwR2/4E *)2/3

Fn/πwR
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Fig. 48.3 Normalized Ar–Fn curves for the Hertz, DMT,
Maugis–Dugdale, and JKR contact models. As the transi-
tion parameters μT and λ increase from zero to infinity,
there is a continuous transition from the DMT to the JKR
regime. In the absence of adhesion, all of the models ap-
proach the Hertzian case. The work of adhesion is w
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1744 Part H Micro-/Nanodevice Reliability

for elastically compliant materials with a large radius
and surface energy, while the DMT theory is appropri-
ate for elastically stiff materials with a small radius and
surface energy. Maugis [48.20] later developed a semi-
analytical solution using a Dugdale approximation; the
transition from DMT to JKR was described in terms of
the parameter λ, which is related to μT via λ = 1.16μT.
Figure 48.3 illustrates the relationship between Ar and
Fn for all of these models. In the presence of attrac-
tive forces, the contact area increases at a given load,
which increases the friction force, as depicted by (48.2).
More importantly, all of the models exhibit a nonlinear
relationship between real contact area and applied load,
contradicting expectations from Amontons’ law.

A number of researchers [48.22–24] have suc-
cessfully used the aforementioned single-asperity re-
lationships to model friction measurements taken via
friction force microscopy (FFM). However, micro-
and nanodevices fabricated using surface microma-

a)
R1

b)

c)

R1

R2

R1

d)
R2

R3

R1

Fig. 48.4a–d Multiple-asperity models from [48.21]. As-
suming elastic deformation, the relationship between the
contact area Ar and the applied load Fn are (a) Ar ∝ F2/3

n ,
(b) Ar ∝ F4/5

n , (c) Ar ∝ F14/15
n , and (d) Ar ∝ F44/45

n . In
general, the index n in the relationship Ar ∝ Fn

n ranges
from 2

3 for a series of asperities at the same height to ≈ 1
for a multiple-asperity surface with several sets of protu-
berances

chining techniques often have contacting surfaces with
nanometer-scale surface roughness. As a result, it be-
comes important to develop multiple-asperity contact
models to elucidate the impact of surface topography
on the relationship between contact area and applied
load. In the simplest case, the rough surface consists
of a series of asperities all at the same height, as
shown in Fig. 48.4a. Here, the applied load is divided
evenly among all of the contacting asperities, which
results in Ar ∝ F2/3

n . Archard [48.21, 25] improved
on this idea by considering a uniform distribution of
spherical asperities (radii of curvature R1) in contact
with a rigid flat as shown in Fig. 48.4b. For elastic
deformation, Ar ∝ F4/5

n . To examine multiscale rough-
ness, a second set of protuberances (radii of curvature
R2) can be evenly distributed over the surface of
the existing spheres, such that R2 � R1, as shown
in Fig. 48.4c. In this case, Ar ∝ F14/15

n . With even
smaller protuberances of radius R3, as shown in
Fig. 48.4d, the relationship becomes Ar ∝ F44/45

n . This
indicates that proportionality between area and load is
not necessarily the result of plastic flow in the contact
zones, as originally proposed, but can be due to elastic
contact between rough surfaces.

Greenwood and Williamson (GW) considered a sta-
tistical distribution of N asperities with constant radius
of curvature R in contact with a flat surface [48.26]. For
a Gaussian distribution of asperity heights, Ar is almost
exactly proportional to Fn. Fuller and Tabor [48.27]
extended the GW model for JKR contacts to study
rough surface adhesion and defined the adhesion pa-
rameter θ, which represents the competition between
the compressive forces exerted by the higher asperi-
ties and the adhesive forces acting between the lower
asperities (analogous to the Tabor parameter). In a sim-
ilar manner, Maugis [48.28] extended the GW model
for DMT contacts. For infinite θ (work of adhesion
w = 0), the Maugis theory is equivalent to the GW
model and Ar ∝ Fn. On the other hand, as θ decreases
(w increases), the relationship between contact area and
applied load becomes more nonlinear.

48.1.1 Micromachined Test Structures

From this survey of multiple asperity contact models,
we see that (1) adhesive forces and (2) asperity distribu-
tion can significantly impact the relationships between
friction force, contact area, and applied load. Therefore,
although widely observed, Amontons’ law is not neces-
sarily expected. While there are techniques in place to
convert topographic data from real surfaces into Gaus-
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Friction and Wear in Micro- and Nanomachines 48.1 From Single- to Multiple-Asperity Friction 1745

sian asperity distribution data [48.29], it is unclear as
to whether these statistical models accurately represent
the surface topography [48.30]. Therefore, it becomes
necessary to fabricate micromachined test structures
that can measure friction directly. Moreover, micro-
machined structures are appropriate test vehicles for
studying friction and wear because their performance
will reflect any effects that are due to details of the fab-
rication process. These include technologically relevant
issues such as the effect of sidewall slope on vertical
surfaces, surface roughness, and the ability to coat mi-
cromachined structures with friction-reducing coatings
in spite of sometimes tortuous access paths.

One of the earliest systematic studies of microscale
friction was carried out by Howe and coworkers at
UC Berkeley [48.33]. Since then, a number of re-
searchers have investigated this critical issue using
a variety of techniques and devices. A common ap-
proach is to design a moveable beam that can be
brought into contact and slid against a counter surface
(see, e.g., [48.31, 34–39]). An example from [48.31]
is shown in Fig. 48.5a,b. The measurements from this
study showed that statistical contact models as de-
scribed above may not apply to lightly loaded, small
apparent contact areas in MEMS. This is because such
models would predict less than one contact within the
contact area. The researchers also found that adhesion
between the surfaces must be recognized as an im-
portant contribution to the applied normal load. Most
microdevice friction work has involved so-called side-
wall devices such as this one, where the contacting
surfaces are the result of an etching procedure and
may have vertical striations and significant directional
anisotropies. The topography of sidewalls is influenced
by lithography, etching, and grain boundaries as seen
in Fig. 48.5c [48.32], and often exhibits significantly
higher roughness than in-plane surfaces where topogra-
phy is primarily determined by grain growth and etching
phenomena.

Komvopoulos and coworkers [48.38] developed
a sidewall microscale friction device that involved
a push drive and a shear drive. Testing of the device con-
sisted of first loading the contact and then shearing the
newly formed interface while monitoring the position
of the shear drive with a charge-coupled device (CCD)
camera, with a spatial resolution of about 0.3 μm. It
was shown that the engineering coefficient of friction
exhibited a nonlinear dependence on contact pressure
that was unique to the testing environment; higher fric-
tion was observed at higher humidity levels. Further,
the adhesion forces, significant at the microscale, added

0 0.25 0.5 0.75 1
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Clamp
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Fpull
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Fig. 48.5 (a) A MEMS test structure (b) designed to
measure sidewall friction (after [48.31], c© VSP). (c) To-
pographical image of a sidewall surface, where the root-
mean-square (RMS) roughness is 40 nm (after [48.32], c©
Xavier by permission)

substantially to the friction when the external load was
comparable to the adhesion force [48.38].

Frenken and coworkers recently developed a sim-
ilar sidewall device, but included an on-device, real-
time, electrical capacitance readout mechanism for
high-resolution displacement measurement (about 4 nm
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peak-to-peak noise sensitivity). Their device, called the
Leiden MEMS tribometer, consists of two orthogonally
oriented comb drives that are used to position a test
slider against a fixed surface. The comb drives are used
to generate loading and shearing forces on the con-
tact surface. They indicated two regimes in the friction
behavior depending on the load. For the low-loading
regime, a wearless stick–slip phenomenon is observed
which is repeatable over many cycles but stochastic
in position and presumably related to the details of
the topography. In the high-loading regime, wear was
observed, and although the stick–slip behavior exhib-
ited in the low-load regime disappeared, the motion
was not smooth, as ongoing wear processes altered the
surface topography and changed the contact mechan-
ics [48.37].

48.1.2 Monolayer Lubrication
in Nano- and MEMS Tribology

While the results in the previous section are certainly
interesting, the effects of monolayer coatings, which
significantly reduce friction, were not studied. It has
been well established that monolayer lubricants are ef-
fective at reducing friction at the nanoscale. Much of
this knowledge has been achieved through nanotribol-
ogy experiments involving atomic force microscopy
(AFM) [48.40, 41] or a surface forces apparatus
(SFA) [48.42] where ideal systems (i. e., pristine envi-
ronments, single crystal substrates, perfect monolayers,
etc.) are employed to probe fundamental aspects of fric-
tion phenomena using single-asperity contacts.

Nanotribology studies have shown significant (and
sometimes conflicting) impact of monolayer thickness
(i. e., precursor chain length) and terminal group on fric-
tion [48.43–46]. Similar to rough surfaces, there are two
basic phenomena involved in single-asperity friction:
plowing and shearing [48.41]. With regard to monolayer
coatings, plowing refers to the action of the asperity
tip deforming the monolayer, thereby dissipating en-
ergy by introducing chain defects that may elastically
relax after the tip has passed, while shearing refers to
the localized disruption of intermolecular forces as a re-
sult of the shear interaction of the film surface with
the tip. Some researchers report an increase in friction
as chain length increases [48.47], while others report
a decrease in friction [48.45]. These conflicting findings
suggest that additional experimental factors contribute
to the frictional behavior of monolayer films, and the
operating conditions must be considered in the friction
study.

As discussed above, the friction force may be pro-
portional to the true contact area, leading to a nonlinear
dependence of friction with load. This has been sup-
ported by experimental data for inorganic materials.
However, in many studies of organic monolayers, a lin-
ear relationship is found [48.43, 45, 48–50]. This could
be attributed to plastic deformation, or to multiple con-
tacting nanoasperities on the single AFM tip, or to vis-
coelastic deformation during the sliding. It is important
to note that many of the fundamental mechanistic stud-
ies of nanoscale friction have involved high-modulus
inorganic materials with similar bulk and surface prop-
erties. Since monolayers are comparatively compliant
materials, usually deposited on a stiff material, the va-
lidity of applying findings from such fundamental stud-
ies to monolayer systems can be questioned. Another
aspect to consider is that deviation from linearity as in
the JKR model [48.17] may be small and experimen-
tally obscured for low loadings, typical of AFM stud-
ies [48.41]. Recently, a continuum thin coating theory
has been developed to address these issues [48.51, 52].

Some researchers have successfully applied mono-
layer films to micromachines for the purpose of
studying their effects on friction [48.12, 53–56]. The
most convenient monolayers to apply to polysilicon mi-
crodevices involve silane-based linking reactions with
the oxide layer present on the surface. From the silane
class of materials, the most commonly studied mono-
layer film is that produced by octadecyltrichlorosilane
(OTS). This particular film has received much attention
in the literature due to its self-assembly characteris-
tics [48.57]. Recent work using AFM methods has
shown that the friction behavior of the film is depen-
dent on the local 2-D phase (liquid expanded or liquid
condensed) at the asperity contact [48.58] and that li-
quid condensed phases are likely to be associated with
grain-boundary areas for polysilicon devices [48.59].
OTS films have been utilized as antifriction layers for
MEMS devices and studied in that capacity. It is gen-
erally accepted by the MEMS community that OTS
and other monolayer films reduce the friction of mi-
crodevices when properly integrated and applied to the
device.

Clearly, it would be interesting to link single-
asperity measurements made by nanotribologists to
multiasperity measurements made by MEMS tribol-
ogists. This would involve a detailed understanding
of the surface properties, loading characteristics, and
topography. Indeed, asperity radii of polycrystalline
silicon are on the order of 20–200 nm, in the same
range as AFM tips. However, the richness of MEMS
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Friction and Wear in Micro- and Nanomachines 48.2 Nanotractor Device Description 1747

tribology measurements, such as the nonlinear effect
of pressure [48.38] and wearless regime [48.37] men-
tioned above, are only beginning to be explored. At the
macroscale, friction measurements have revealed com-
plex behavior including aging, velocity dependence,
and stick–slip bifurcations, and a theory known as
rate-and-state friction has been advanced [48.60–64].
This development comes from detailed measurements
with different combinations of springs and different
puller velocities, and it applies to a wide range of

materials from rock [48.61] to cardboard [48.62] to
plastic [48.65]. This theory applies the notion of contact
rejuvenation and solves coupled differential equations
of rate (instantaneous velocity) and state (contact age)
variables [48.66,67]. Quite possibly, microscale friction
will have related dependencies. As an initial effort to ex-
plore some of these potential dependencies, the loading
protocol has been varied in a systematic fashion using
the nanotractor. As we shall see, strong effects that may
be related to rate-and-state friction are observed.

48.2 Nanotractor Device Description

The findings assembled from uncoated and coated
sidewall devices have significant value to the MEMS
community and provide guidance on how to more
reliably design and operate microdevices. However,
statistical contact mechanics models, which rely on nu-
merous contacts, do not apply because of the small
contact areas and nonvertical nature of sidewall etch-
ing. On the other hand, the nanotractor achieves uniform
loading over a large area of in-plane surfaces during
friction testing so that such models will apply.

Figure 48.6a is a scanning electron microscopy
(SEM) cross section showing the details of how the
nominally flat model frictional interface is created in the
clamp regions. Normal force is symmetrically applied
via the electrodes to the right and left of the counter-
faces. The counterfaces are each electrically grounded
and make mechanical contact. The air gap breaks down
at 300 V; the device is actuated at 200 V or less to avoid
any issues with electrostatic damage. The inset shows
that the upper counterface is nominally flat, meaning
that calculations of real contact area from statistical
theories [48.26, 29, 30, 68, 69] can be used without hav-
ing to make a correction for surface tilt or curvature.
This counterface is 3 μm wide, and there are two such
counterfaces in each clamp. The length of the clamps
in the results reported below is 600 μm. Hence the to-
tal apparent contact area for both friction clamps is

Fig. 48.6 (a) Nanotractor SEM cross section through
a clamp. The inset shows the detail of the frictional coun-
terfaces. The oxide material surrounding the polysilicon is
removed by HF acid etching prior to monolayer lubricant
deposition. (b) AFM micrograph of a typical polysilicon
surface after coating with a FOTAS organic monolayer.
(c) Schematic representation of the disordered FOTAS
monolayer, with some chains bending out of the plane of
the paper �
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Aa = 7200 μm2. The electrode area enables continu-
ous control of normal load Fn up to ≈ 10 mN, where
Fn is proportional to V 2

c . Here, Vc is the clamping
voltage.

Figure 48.6b shows the surface roughness, which is
mainly due to the grain structure on these surfaces (i. e.,
not due to plasma etching), with a typical root-mean-
square value of 5 nm. Although the contact geometry is
much improved, it remains a challenging task to calcu-
late the real contact area accurately. In one approach,
DelRio et al. [48.70] imported data from AFM surface
topography maps and conducted pixel-by-pixel analysis
to show that adhesion in MEMS is dominated by van
der Waals forces across noncontacting surfaces. Agree-
ment within a factor of two with the experimental data
was obtained. A voxel calculation based on directly
imported data has also been used to better estimate
the areas of real contact between polycrystalline gold
MEMS surfaces [48.71]. It would also be of interest
to apply a theory that incorporates skew and kurto-
sis [48.69], or a theory that calculates real contact area
by solving a diffusion equation of an autocorrelated sur-
face power spectrum [48.30].

The experimental data that follows were measured
using nanotractors coated by a 1.2 nm-thick mono-
layer coating (tridecafluoro-1,1,2,2-tetrahydrooctyl-tris
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Fig. 48.7 Electromechanical strobing method to capture MEMS
friction dynamics

(dimethylamino)silane, CF3C5F10C2H4Si(N(CH3)2)3,
FOTAS) deposited from the vapor phase [48.72]. This
monolayer is represented schematically in Fig. 48.6c.
The eight-carbon-chain molecule has a sufficiently high
vapor pressure to allow vapor-phase deposition, which
makes it highly reproducible in a manufacturing set-
ting. However, it is too short to form a self-assembled
monolayer; rather the chains attached to the surface are
believed to be somewhat disordered. This lack of or-
der may be responsible for the memory effects reported
below.

48.2.1 Nanotractor Dynamic Friction
Measurement

In studying its dynamic motion, the nanotractor can
be simply thought of as a mass and a spring, riding
atop a planar surface, with a normal force generated by
electrostatics. By walking the nanotractor (as described
in [48.12]), the mass can be pulled out to some distance,
and then released. The resulting motion will be influ-
enced by both air damping (dependent on the pressure)
and Coulomb friction damping (depending on the nor-
mal force exerted on the mass), as well as adhesive force
between the mass and the plane. For suitably small fric-
tion, the mass can be expected to oscillate several times
about its zero position with decaying amplitude before
finally coming to rest.

Corwin and de Boer have developed a mechanical
stop motion technique for studying this motion [48.54]
through the use of pulsed clamping, shown diagram-
matically in Fig. 48.7. They walk the nanotractor out
to a specified position (x0 = 10 μm for the example
shown). The position is determined using a high-
accuracy, subpixel interpolated pattern-matching tech-
nique (from National Instruments Vision Toolkit as
utilized in scripting software developed at Sandia Na-
tional Laboratories called MEMScript). With a 50×
objective, this technique achieves approximately 5 nm
in-plane resolution. Once the nanotractor is walked to
x0 (within ≈ 50 nm as limited by its step size), it is
held in place solely by the electrostatic clamp between
two polysilicon surfaces. The clamp is then released for
10 μs, and then clamped again (clamping time is about
1 μs). The position of the clamp is recorded using pat-
tern matching, and the nanotractor is again walked back
to the specified position. The clamp is now released for
20 μs and its position is recorded. The same procedure
is repeated for 30 μs, 40 μs, etc., continuing until the
resting position of the nanotractor no longer changes
with release duration. The position of the nanotractor
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x-intercept:
Fadh = 4.18 µN ± 0.12 µN

Slope:
µd = 0.24 ± 0.02
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Fig. 48.8a,b Dynamic friction test results. (a) Position
versus time data. (b) Friction force versus applied load
data, which is used to find Fadh (after [48.54], c© AIP by
permission)

as a function of release duration can then be assembled
into a position versus time plot, as is seen in Fig. 48.8
(x0 = −58 μm for these results).

The position data in Fig. 48.8 is modeled with
a second-order nonlinear differential equation that takes
into account both air damping and dry friction damping

mẍ +bẋ + Fdsgn(ẋ)+ kx = 0 . (48.4)

Here, the contribution from the air damping is written
as a velocity-dependent force, bẋ (as the gap between
the nanotractor and the substrate is small [48.73]), and
the friction is written as Fdsgn(ẋ) where the sgn func-
tion simply returns 1 or −1 depending on the sign of the
argument. Also, k is the spring constant of the folded
beam suspension (shown schematically in Fig. 48.7)
and m is the mass of the nanotractor.

Solving (48.4) piecewise analytically, the undamped
resonant frequency ω0, Fd, and the quality factor Q

can be determined. The measured value of ω0 is con-
sistent with the expected resonant frequency given
the nanotractor mass and the suspension spring con-
stant. The experimentally determined quality factor,
Q = mω0/b = 11.5, is in good agreement with a first-
order Couette calculation of Q = 14.5 [48.73]. The
friction force Fd is nonzero even though the suspen-
sion spring provides a slight out-of-plane force (with
spring constant kz), indicating the presence of an adhe-
sive force.

Following Amontons’ law, the total frictional force
is found by summing all normal forces as

Fd = μd(Fc +mg − kzz)+μd Fadh , (48.5)

including the restoring force from the suspension spring
(kzz), the gravitational mass (mg), the electrostatic force
on the clamp (Fc), and a surface attraction adhesive term
(Fadh). Here the applied force is Fappl = Fc +mg − kzz.

The value of μd is determined by repeating the pro-
cedure illustrated in Fig. 48.7, systematically increasing
Fc and measuring the resulting Fd. The results are
shown in Fig. 48.8b. Following (48.5), a line is fitted to
extract both dynamic friction and adhesion. For the data
shown, μd = 0.24±0.02 and Fadh/Aa = 0.6 nN/μm2.
The latter value is somewhat smaller than the value
of 6 nN/μm2 extracted from adhesion models [48.70].
However, in this device the nanotractor foot was not en-
tirely flat, an empirical difficulty that was corrected in
later experiments.

With a nominally flat foot, Corwin and de Boer
have recently demonstrated an improved version of this
technique that minimizes the number of measurements
required to determine the adhesion and dynamic friction
of the nanotractor. The technique is detailed in [48.74],
and reduces the problem to fitting linear curves over the
first half-cycle of motion. The adhesion value found was
Fadh/Aa = 3 nN/μm2, in reasonable agreement with the
adhesion model calculation [48.70]. In subsequent mea-
surements reported below, the foot is nominally flat, as
shown in Fig. 48.6a.

48.2.2 Nanotractor Static Friction
Measurements

To make a static friction measurement, the nanotractor
is walked to an initial position and held in place with
a prescribed normal force, as shown in Fig. 48.9a. The
tangential force experienced during the hold is kx0. The
normal force Fn is then ramped down by lowering the
clamp voltage. (Here it is assumed that Fn = Fc be-
cause the other terms in (48.5) are small for large Fn).
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Fig. 48.9 (a) Schematic for the friction test. (b) Position versus normal force data at the micron scale. (c) Nanoscale slip
before the transition to gross slip as measured by moiré interferometry

The block position was measured seven times per sec-
ond to ±5 nm accuracy by the optical pattern-matching
method described above.

The results of a typical measurement are shown in
Fig. 48.9b. At each large jump (denoted by diamonds),
an equilibrium between tangential force and friction
force exists, and following Amontons’ law a coefficient
of static friction can be determined according to

μs = Fs

Fn
, (48.6)

where Fs (the static friction force opposing the spring
force supplied by the linear suspension spring) and Fn
(the electrostatic normal force) are the values associated
with the static friction event. A more accurate coef-
ficient of friction is found by taking the slope of the
dashed line in Fig. 48.9b. In that case, adhesion is taken
into account [48.54].

Taking advantage of the ±5 nm displacement reso-
lution, in Fig. 48.9c the region just before a large jump
can be expanded. Motion on the order of 100 nm is ob-
served before the large jump. This nanometer-scale slip
has been observed reproducibly over many measure-
ments and is of concern for high-precision positioning
applications. To understand this interesting characteris-
tic in more detail, Corwin and de Boer have investigated
the effect of three parameters:

• th – the time the nanotractor is held before the nor-
mal force ramp down begins• Fh – the normal load at which the clamps are held
before the ramp down• Ḟn – the rate at which the normal force is ramped
down [48.75].

Their effects are shown in Figs. 48.10–48.12 and de-
scribed below.

In the data presented in Fig. 48.10a, the nanotractor
is held at position x = x0 and the normal load is held
at Fh (designated by a vertical dashed line on the right)
for hold time th. The normal load is then ramped down
until an off-scale jump is observed. The experiment is
repeated for a different hold time after the nanotrac-
tor is repositioned at x = x0. The data for different hold
times in Fig. 48.10a is offset by 0.1 μm in order to make
it distinguishable. The circle for each hold time rep-
resents the onset of detectable slip. If the load is held
for only a few seconds (th ≤ 32 s) as it was in Fig. 48.9
(th = 1 s), frictional creep is observed before the tran-
sition to gross slip, as designated by the label “creep”
in Fig. 48.10a. On the other hand, if it is held in place
for a longer time (th ≥ 64 s), the test structure reveals
no motion before the transition to gross slip, as indi-
cated by the label “off-scale jump” in the figure. There
is also a critical normal force Fnc, as designated by
a vertical dashed line. If detectable motion occurs be-
fore Fn reaches Fnc, the system exhibits frictional creep
before the transition to gross slip. If Fn descends be-
low Fnc before detectable slip, the transition to gross
slip is abrupt. Hence, there is a bifurcation in the tran-
sition to motion – it either occurs as an inertial jump
or as frictional creep. These measurements are highly
reproducible (the same effects were observed over mul-
tiple fabrication lots and also if the hold time order was
randomized) and show that the loading protocol matters
in MEMS friction measurements. In Fig. 48.10b, the μs
values, calculated from the circles in Fig. 48.10a, are
plotted. A characteristic logarithmic aging coefficient β

is found.
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Fig. 48.10 (a) Complex aging behavior observed by vary-
ing the hold time th; see text for description. (b) The log-
arithmic aging behavior is characterized by the slope β �

In Fig. 48.11, the effect of changing the hold load
Fh before the normal load ramp down is shown. Here
it is seen that, as Fh is increased, the aging rate β de-
creases and approaches zero for sufficiently large Fh.
Logarithmic frictional aging is a characteristic signa-
ture of rate–state behavior, and is generally attributed
to material creep; that is, the contact area increases with
time due to the heavy loading at the contacts [48.65],
similar to in indentation creep. This has been directly
observed in soda lime glass and acrylic plastic [48.76].
Hence, the result of Fig. 48.11 is counterintuitive. This
effect can better be thought of as an increase in ag-
ing rate as the ratio of shear to normal force increases.
A similar result has been reported for a rough glassy
polymer on silanized glass [48.77] and can be ascribed
to the associated biasing of a glassy material energy
landscape [48.78, 79].

Although not shown, each Fh series in Fig. 48.11 is
derived from a plot similar to Fig. 48.10a. From such
plots a bifurcation in the transition to sliding is again
observed, and Fnc remains the same, independent of
Fh. A qualitative explanation for the existence of Fnc is
as follows. If the interface ages significantly during the
hold, then μs becomes large. As the normal load ramps
down, Fn reaches a low value before motion initiates.
Once this occurs, the contacts are rejuvenated, and μs
becomes much lower. This large change in μs, coupled
with the low value of Fn, results in an immediate tran-
sition to inertial sliding. Conversely, if th is small, the
contacts do not age much. Therefore, Fn does not reach
a very low value before the onset of motion. The small
change in μs, coupled with the high value of Fn at which
sliding initiates, results in only a very small change in
position, and hence the slip on the surface is stable. De-
tailed measurements reported in [48.75] indeed show
that this apparent frictional creep is a convolution of true
frictional creep and the continuing normal force ramp
down.

Although the dependence of μs on th in Figs. 48.10
and 48.11 demonstrates that there is an aging effect, the
protocol for measuring this is not necessarily fully spec-
ified. The normal force ramp-down rate Ḟn may also
affect the μs values because the state of the interface, in
terms of the number of contacts per unit area, decreases
while the normal load is ramped down. When the ramp-
down time trd (on the order of tens of seconds for the
data shown thus far) is on the order of th, an interaction
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Fig. 48.11 Increasing the hold force Fh (from 1500 to
4800 μN here) decreases the aging rate
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Fig. 48.12 By varying the ramp-down rate, μs changes by
a factor of 3. In the previous plots (Figs. 48.10 and 48.11),
the ramp-down rate was 20–35 μN/s, as indicated by the
dashed vertical line

between trd and th is expected. When it is much greater
than trd, th will possibly control the μs value.

The data presented in Fig. 48.12 show the strong
effect of Ḟn on μs. Here, the ramp-down rate was
increased by increasing the voltage increments dur-
ing the ramp down, while the camera frame rate was
fixed at seven frames per second. The ramp-down rate
for Figs. 48.10 and 48.11 was 20–35 μN/s, while in
Fig. 48.12 it is varied from 5 to 500 μN/s. Further in-
crease of Ḟn was limited by the camera frame rate. For
the largest th = 512 s, μs increases monotonically with
Ḟn. For the smallest th and Ḟn values, some aging oc-
curs during the ramp down, which tends to increase the
μs value for small Ḟn. To obtain Fig. 48.12, a series of
data similar to Fig. 48.10a was taken for each Ḟn value.
Each value for μs in Fig. 48.12 was again taken from the
first observable motion. Each plot revealed a bifurcation
in the transition to slip, again with Fnc ≈ 1000 μN.

48.2.3 Nanotractor Release Time
Measurement

The data in Fig. 48.12 show that, even at the highest
Ḟn value (where, the ramp-down time trd is much less
than the hold time th), the μs value does not saturate.
Given the strong dependencies observed, Corwin and de
Boer considered the possibility that the concept of static
friction may not be the most appropriate one for the nor-
mal force ramp-down test protocol [48.80]. Recently,
the phenomenon of interface deaging has been directly

measured on PMMA/PMMA interfaces [48.81]. There,
history-dependent unloading and a true contact area that
decreases with time in a deaging process whose time de-
pends on prior aging were observed. The real contact
area was directly observed using a high-speed cam-
era with a total internal reflection method. Perhaps an
important parameter characterizing the interface shear
strength in these experiments is a release (or deaging)
time.

In order to examine this idea, a series of experi-
ments was carried out utilizing the maximum possible
ramp-down rate (i. e., release on the order of 1 μs), and
measurements of the release time were made. Details
are provided in [48.80], and are briefly described here.
The setup that was implemented is shown in Fig. 48.13.
The nanotractor was walked to the initial position x0 as
shown in Fig. 48.13a. It was held at that position with
a normal force Fh for a time th. Then, the load was in-
stantaneously dropped to Fr. At this point, a high-speed
camera (Phantom V 5.0) operating at 10 000 frames
per second was triggered as shown in Fig. 48.13b, and
frames were stored in the camera memory. Using simple
dynamics calculations assuming μs = 0.3 and a dis-
placement resolution of 1 μm, the expected response
time is 6 μs, significantly less than the time for one
frame. If this calculation applies, the motion will always
occur in the first frame.

Figure 48.14, however, shows that release times
from less than 100 μs to almost 50 s are measured,
spanning nearly six orders of magnitude. For fixed val-
ues of Fn and Fr, an increase in hold time th leads
to an increase in release time tr. Thus aging between

Fn = Fh for time th, then drops to Fr
Ft

x0

tr
th

k

b)  Normal force Fn

a)

Time

Block slides

Measure tr

Camera trigger

Fr

0
0

Fh

Fig. 48.13a,b Schematic of the release time test. (a) Nano-
tractor block against stretched spring, (b) timing diagram to
measure release time tr
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Fh = 1561 µN, Fr = 955.8 µN

Fh = 1994 µN, Fr = 755.2 µN
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Fig. 48.14 Dependence of release time tr on th

the two contacting surfaces is also evidenced in these
measurements (assuming that deaging is directly re-
lated to aging [48.81]). The two data sets in Fig. 48.14
were taken for different pairs of the parameters Fh
and Fr. The linear behavior suggests a power-law de-
pendence of release time on hold time of the form
tr ∝ tn

h . The line through both sets of data are plotted
with the same value of the exponent n, demonstrating
that the scaling of tr with th is independent of both Fh
and Fr.

A direct demonstration that aging occurs was shown
by resetting it after a hold. By moving the block by as
little as 50 nm (a single step of the nanotractor) after
aging but before dropping the release force, the release
time enhancement due to aging was entirely removed.

Similar to Fig. 48.14, measurements of tr as a func-
tion of Fr and Fh also revealed characteristic dependen-
cies. A full functional form is a combination of the three
dependencies, and can be written as

log(tr) = log(a)+n log(th)+b1 Fr +b2 Fh . (48.7)

This data can be approximated by a least-squares
fit with the four parameters, a, n, b1, and b2, extracted
from Fig. 48.14 and the other measurements just men-
tioned. Figure 48.15 displays a plot of fitted release
times tfit versus measured release times and demon-
strates that (48.7) fits the data well over six orders of
magnitude of time.

These results show that release time in this system
depends on the full load history through the hold time th,
the hold force Fh, and also on the release force Fr. This
memory effect is similar to observations by Rubinstein
et al. [48.81]. Through measurements of the true contact

tr = at n
heFrb1 + Fhb2

102 104 106 108

tfit  (µs)

tr (µs)

108

106

104

102

Fig. 48.15 Combining the fits from three different mea-
surements, the data collapse onto a single fit ranging over
six orders of magnitude of time

area of PMMA blocks, they observed history-dependent
unloading and a true contact area that decreased with
time in a deaging process whose time depended on
prior aging, similar to the measurement of release time.
Viewing deaging time as a measure of prior aging, this
empirical model can be thought of as revealing the func-
tional dependencies of aging, and because unloading
takes place almost instantaneously, this model does not
depend on setting a particular ramp-down rate.

This observed deaging time behavior can qualita-
tively explain the previously observed dependencies of
measured static friction coefficient on the ramp-down
rate. If ramping down the normal force slowly, the
contacting surfaces have more time to pull apart and
measurable slip occurs at a higher normal force, leading
to a smaller measured μs. When ramping down rapidly,
the surfaces have less time to separate and measurable
slip occurs at a much lower normal force, leading to
a larger measured μs.

The aging effects reported above were observed on
the FOTAS monolayer. It can be expected that the data
will qualitatively change for different monolayers as
well as different environmental conditions. Therefore,
to fully assess the friction of a given monolayer for use
in MEMS or nanoelectromechanical systems (NEMS)
application, much more testing will be necessary.

Preliminary data indicates that, if a better ordered
monolayer, e.g., OTS [48.82] is applied, results are
substantially different. In particular, OTS is seen to
exhibit significantly more creep. In the release time
measurements, instead of observing a clearly iden-
tifiable release time after which motion ensued, an
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OTS-coated nanotractor instead displayed continuous
creep, moving at a much faster rate after the nor-
mal force was dropped. Similar behavior has been
observed for the OTS-coated nanotractor in static fric-
tion measurements [48.55], where compared with the
FOTAS-coated devices, OTS-coated devices showed
much more creep. Also, measurements of μs and μd are
nearly indistinguishable with OTS.

48.2.4 Stick–Slip Testing
Using the Nanotractor

Stick–slip is a widely observed phenomenon, usually
occurring at low spring constants and low velocities, as
shown in Fig. 48.16a. At higher velocities or spring con-
stants, steady sliding occurs. Very likely, the transition
from stick–slip to steady sliding will be an important
phenomenon to control and understand in microsys-
tems. The friction test protocol used above is natural for
microdevice testing schemes considering that the nan-
otractor is connected to the substrate via a spring, but
is different from that of most friction measurements.
More commonly in macroscale friction testing, normal
load is held constant while tangential force is raised
until slip is measured. Unlike conventional macroscale
experiments, in the microscale measurements shown
above, the apparent rate of aging β is not fundamen-
tal, but rather depends on the normal load ramp-down
rate. To make more meaningful comparisons across the

V
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Friction block Spring

k
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Stepper motor

Block
cross-
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Fig. 48.16 (a) General form of kinetic phase diagram. (b) Surface-micromachined stick–slip pull system. The optical
image shows a device that has been moved 150 μm to the left to maximize travel distance during the test. Here, the
nanotractor becomes the puller. A folded beam with an internal vernier forms the spring of constant k and a structure
similar to the nanotractor clamp becomes the friction block

length scales, it is necessary to build a microfriction ap-
paratus that is analogous to a conventional stick–slip
apparatus.

A prototype system to measure stick–slip is shown
in Fig. 48.16b. Here the nanotractor serves as a stepper
motor providing a constant-velocity puller (stepper mo-
tors are also used as pullers in macroscale experiments;
see, e.g., [48.62]). A folded-beam spring connects the
nanotractor to a friction block. The spring separation is
monitored using a vernier scale that extends inside the
spring. The design of the friction block on the left of
Fig. 48.16b is similar to that of a nanotractor clamp in
which normal force is provided by electrostatic actua-
tion. In this design, the spring constant is only changed
by varying its line width, and hence the spring constant
is fixed for a given structure. However, normal force can
be easily varied on the same device.

A total travel distance of 300 μm is possible with
this apparatus. Hence, a relatively large surface region
can be sampled. Figure 48.16b schematically shows
a device that has been moved 150 μm to the left in
preparation for a test. To make measurements, a high-
speed camera is again used. The nanotractor velocity is
controlled by the step frequency and average velocities
v up to 1 mm/s are possible.

Figure 48.17 shows that a stick–slip to steady slid-
ing bifurcation can be induced by changing the spring
constant. In Fig. 48.17a, k = 0.2 N/m and stick–slip is
observed. In Fig. 48.17b k = 2.0 N/m and steady sliding
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Fig. 48.17a,b Stick–slip results with an FOTAS coating.
(a) k = 0.2 N/m, stick–slip; (b) k = 2 N/m, steady sliding

is observed. The same qualitative behavior occurred for
each k, independent of velocity from 25 to 250 μm/s.
These preliminary experiments show that stick–slip ex-
ists and can be characterized with this apparatus. Much

more work to understand these phenomena at this scale
will be needed.

48.2.5 Wear Testing Using the Nanotractor

As a final example of friction phenomena that can
be explored with the nanotractor, we discuss results
of wear experiments. Normally in the walking pro-
cess, the clamp voltage is changed from a large value
(150 V) to zero before the clamp is moved. Here in-
stead Flater et al. [48.56] reduced the clamp voltage to
a nonzero value, typically 20 V. In these experiments,
the nanotractor walked against a nonlinear load spring,
developing a tangential force of 100 μN at each end of
the travel. A nanotractor coated by a monolayer of FO-
TAS [48.72] consistently walked 27±2 μm for a fixed
number of steps. Failure abruptly occurred at 7000 cy-
cles. On the other hand, an oxide-coated nanotractor
prepared by critical-point drying walked consistently
over only 500 cycles. While it continued to operate,
the distance traveled was highly sporadic, ranging from
0 to 25 μm. Failure to walk occurred at 5000 cycles.
Wear of the exposed polysilicon counterface at the end
of the clamp can be imaged by AFM or SEM, as shown
in [48.56].

These nanotractor measurements, including the dy-
namic friction measurement and the static friction
measurements, required numerous experimental trials
in order to gain the data. An assumption made is
that the nanotractor friction does not change over the
course of these measurements. The observation that
the data is consistent from one experimental trial to
the next supports this assumption. The observation
that the FOTAS-coated nanotractor consistently walks
for up to several thousand cycles even when loaded
further supports these methods for taking data. Even-
tually, however, wear will affect these measurements,
and this is an important issue being addressed by re-
searchers [48.83, 84].

48.3 Concluding Remarks

These results on a nominally flat multiasperity polysil-
icon interface coated by a FOTAS monolayer show
that Amontons’ law (modified for the adhesion force
due to van der Waals forces over the vast noncon-
tacting areas) applies for dynamic friction, but not
for static friction. This latter quantity rather depends
strongly on loading protocol. We have described nan-

otribology measurements, microscale measurements,
and various contact mechanics models. The holy grail
in this field is to link these three areas using appro-
priate physical models. It is also important to apply
data from friction measurements directly to actuator
performance, and initial progress in this area has been
reported [48.85]. Although the results presented here

Part
H

4
8
.3



1756 Part H Micro-/Nanodevice Reliability

are mainly at the microscale, we imagine that simi-
lar test structures and actuator designs will also be of
interest for NEMS. Surface roughness, controlled by
grain growth and etching processes, may also be sim-
ilar. Therefore, we expect that much of what is learned
from microscale friction may apply to the nanoscale as
well. Technologically, progress is continuing on many

fronts. This includes the development of new materials
such as SiC [48.86] and diamond-like materials [48.87],
as well as methods to achieve improved hydrophobic-
ity [48.88], and to reduce wear [48.83]. Taken together,
significant technological impact can be expected from
this burgeoning area of MEMS and NEMS interface
science.
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