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In this corrigendum we point out a mathematical error in our
manuscript and review the consequences. None of the conclu-
sions of the paper were impacted by the mistake. However, the
original calculation and interpretation of the dynamically dis-
sipated energy was incorrect. This resulted in two misleading
figures, of which we include the corrected versions here.

1. Introduction

In our original manuscript [1], we introduced a new type of
friction loop, in which the lateral (friction) force was plot-
ted as against the x-position of the contact point on the slid-
ing surface, instead of an equivalent of the cantilever support
position of a friction force microscope (FFM). These loops
are more intuitive than traditional FFM-style friction loops.
They consist of continuous sections of dry friction, that are
connected by ‘data-less’ gaps, where the coulomb limit is
exceeded and the contact moves to the next stick location,
faster than we can measure. In contrast to the FFM-style fric-
tion loops, the surface area of the new loops does not directly
represent the dissipated energy: only the surface area below

Original content from this work may be used under the terms
BY of the Creative Commons Attribution 3.0 licence. Any further
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the continuous parts really represents dissipated energy. We
called this energy semi-statically dissipated energy. No sur-
face exists in the gaps between the stick locations, so the dis-
sipated energy during these sliding motions cannot be found
by numerical integration.

2. Mistakes

In the original paper we correctly stated that despite the
absence of data during the slip motions, we still know how
much energy is dissipated. The amount of energy stored in
the mechanical springs just before the slip occurs, minus the
potential energy in the springs after the slip occurred, must be
equal exactly to the amount of energy dissipated during the slip
motion, because of the law of conservation of energy. Potential
energy is stored in the spring, it starts to slip, potential energy
is converted to kinetic energy, after a while the contact gets
stuck and the remaining kinetic energy is converted to heat.

We explained that the dynamically dissipated energy equals
the surface area of the triangles below the slip arrows (see
figure 1(a)), excluding the remaining rectangle area between
this triangle and the x axis. This claimed was backed up by an
incorrect mathematical equation with a subtly hidden mistake:
(a+b)? # a* + b*. Because we forgot about the factor 2ab,
we simplified the equation more than possible (equations (20)
and (21) in [1]).

© 2019 IOP Publishing Ltd  Printed in the UK
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Figure 1. The original figure. The friction loop in figure (a) incorrectly shows green shaded areas to represent the dynamically dissipated
energy. The evolution of the dissipated energy in figure (b) incorrectly shows that the dynamically dissipated energy decreases to zero after

many sliding cycles.
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Figure 2. Corrected figure. In figure (a), the dynamically dissipated energy is no longer displayed in the friction loop as a shaded area,
because it does not correspond to a surface area on these axes. In figure (b), the dynamically dissipated energy does not approach true zero,

but a small value close to zero instead.

3. Corrections and conclusion

Fortunately, none of the main conclusions of the original
manuscript depend on the incorrect math. However, the error
did result in an incorrect shaded visualization of the dynami-
cally dissipated energy in figure 1(a). A corrected version is
shown in figure 2(a). We have chosen to omit the shading of
the dynamic friction parts of the friction loop (the arrows)
entirely, because the dynamically dissipated energy does not
correspond to an area of the graph in a sensible way.

The exact values of the dynamically dissipated energy plot-
ted against the number of sliding cycles in figure 1(b) also
change, but only subtly. The corrected version is shown in
figure 2(b). Most notably, the dynamically dissipated energy
does not actually go to zero, but approaches a value very close
to zero instead.
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In this paper we demonstrate a new method for analyzing and visualizing friction force
measurements of meso-scale stick—slip motion, and introduce a method for extracting two
separate dissipative energy components. Using a microelectromechanical system tribometer,
we execute 2 million reciprocating sliding cycles, during which we measure the static friction
force with a resolution of 0.6 nN and the displacement with a resolution of 0.2 nm. We plot
the lateral force as a function of the real contact position by compensating for the values of

the spring constants of the system. This allows all friction loops to be combined in a single
hexagonal bin plot, which clearly shows the evolution of the friction force magnitude and

its distribution across the sliding track. We identify all individual slip events in the entire
experiment using a thresholding algorithm. This allows us to show the evolution of the slip
event count, the static friction force, and the coefficient of friction. Crucially, it allows us to
disentangle the dissipated energy into two components: the dynamically dissipated energy,
which is associated with slip motions, and the semi-statically dissipated energy, which is related
to small contact deformations, plastic yield and other non-elastic behavior. Our technique
provides new insight into the mechanics of stick—slip motion in multi-asperity contact systems,
and paves the way towards a better understanding of the physics of meso-scale friction.

Keywords: microelectromechanical systems, MEMS tribometer, step detection, high resolution
displacement measurement, high resolution friction force measurement, energy dissipation,

friction

Supplementary material for this article is available online

(Some figures may appear in colour only in the online journal)

1. Introduction

The field of macro-scale tribology—the study of friction,
wear, and lubrication—has long since been occupied with the
acquisition of tabular data on lubricants, friction coefficients
and wear rates, under a large number of circumstances. This is
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extremely valuable information when designing a macro-scale
mechanical system like an engine, or a Mars rover. There are
phenomenological models [1-5] which predict the behavior
of macro-scale friction forces to a certain extent, but still no
physical models exist that are capable of predicting the tabu-
lated values from first principles.

At the atomic scale, the bottom end of the size spectrum,
the situation is rather different. Great advances have been
made in our understanding of atomic scale friction due to the
invention of the friction force microscope (FFM), which has

© 2017 IOP Publishing Ltd  Printed in the UK
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led to the discovery of phenomena like atomic stick—slip [6],
superlubricity [7, 8], and substrate-induced ice formation at
room temperature [9]. The Prandtl-Tomlinson model [10]
predicts the tip motion of an FFM with reasonable accuracy.
This is possible because an FFM has only a single point of
contact, or asperity, whereas in a macro-scale system the total
number of asperities approaches infinity.

Unfortunately, neither the wealth of empirical data avail-
able for the macro-scale nor the ‘simplicity’ of the atomic
scale directly solves the challenges that arise when operating
somewhere in between these scale regimes: at the meso-scale.
At this scale, the contact area of two touching components is
typically of the same order of magnitude as the surface rough-
ness features, which means that the contact mechanics can
differ greatly from place to place on the very same surface
[11]. Tabulating generic empirical data for engineering pur-
poses is therefore nearly impossible. Because the number of
asperities is larger than one but too small to be considered
infinite, both the analytical and empirical models are invalid
at the meso-scale.

The primary man-made occupants of the meso-scale are
microelectromechanical systems (MEMS): tiny mechanical
devices, fabricated using the same processes that are used for
producing microelectronics. Many MEMS devices have found
their ways into our daily lives, such as airbag sensors, the iner-
tial sensors and microphones of smartphones, and inkjet printer
heads. However, because of the small size of these devices,
the surface-to-volume ratio of their moving components is
much larger than in a macro-scale system. This causes surface
interaction forces to dominate most other forces in the system.
MEMS devices that rely on touching or sliding components
for their operation are therefore highly unreliable. The MEMS
community has dealt with this fact mostly by designing and
fabricating only devices without sliding components.

Important steps have already been taken towards a solu-
tion. Self-assembled monolayers [12, 13], hard coatings [14],
and especially vapor-phase lubrication [15] have been shown
to work well for silicon MEMS devices, and hard materials
like silicon carbide [16] and diamond [17] have been used as
a replacement for silicon as the devices’ structural material.

Despite these practical advances, however, our under-
standing of the physical processes that govern the contact
mechanics in MEMS is still in a poor state. This is in part
because it is still difficult to measure contact forces in MEMS
with a high resolution.

Friction measurements in MEMS are usually performed
using MEMS tribometers [18-20]. These are MEMS devices
which have been built specifically to measure friction forces
between two contacting surfaces of the tribometer itself.
Friction forces are usually determined indirectly from the
measured displacements of the sliding components of the
tribometer. Many types of tribometers exist today, ena-
bling friction and wear measurements under many different
circumstances.

The data that results from micro-scale friction measure-
ments is highly stochastic in nature. Details in the measure-
ment data often correspond to singular events that may or may
not occur by chance. The data is therefore often shown either

: support springs_,
combp-drive actuators

Figure 1. Scanning electron microscope (SEM) micrograph of the
MEMS tribometer used in this study. The inset shows a close-up of
the loader and the sliding slider. The red-dashed rectangle indicates
the area on which the optical microscope was focused to track the
position of the slider, x.

in its raw form, in order to show and discuss these details, or
condensed into a single metric like the coefficient-of-friction,
to compare the measurement to others quantitatively.

In this paper we show a new method for analyzing and
visualizing the statistics of stick—slip friction and the evo-
lution of the friction force. As a demonstration, we measure
the evolution of the friction force between two sidewalls of
a polycrystalline silicon MEMS tribometer with nanonewton
resolution during millions of sliding cycles. We will present
the measurement data in the form of a new type of friction
loop, and with a hexagonal bin plot that represents all 2 mil-
lion data points in a single graph. By automatically detecting
slip events, we are able to chart the statistics of the stick—slip
behavior, extract the maximum static friction force at each
contact position and calculate the variability of the static fric-
tion force within a single loop. An important result of the new
data analysis method is that we are able to determine the real
amount of energy dissipation, which turns out to be split into
two different contributions: a semi-static contribution, relating
to non-stick—slip sliding and pre-sliding tangential deflections
[21], and a dynamic contribution, relating to the dissipation of
inertial forces during slip motions.

2. Experiments

The friction experiments were performed with a MEMS tri-
bometer, as shown in figure 1. The design is based on the
Leiden MEMS tribometer [20], and it was fabricated in the
commercial PolyMUMPS multi-user fabrication process by
MEMSCAP Inc. It consists of a normal loader, called the
loader, and a sliding slider. Both the loader and the slider are
suspended by folded flexure support springs which act as par-
allel guides. Each can be moved by a separate electrostatic
comb-drive actuator [22]. Friction between the sidewalls of the
loader and the slider is generated by moving the slider back
and forth while pushing the loader against it. This is depicted
schematically in figure 2. The important mechanical character-
istics of the tribometer have been summarized in table 1.
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Figure 2. Operation principle of the MEMS tribometer shown in figure 1, during the measurement of stick—slip friction (image not to
scale, displacements are exaggerated). The blue arrows indicate the forces acting on the slider. The position of the slider is given by x;. (a)
Equilibrium, no lateral contact force. (b) The comb drive actuator generates a force that pulls on the slider to which the loader is currently
stuck. (c) The lateral contact force keeping the loader stuck to the slider exceeds the maximum friction force. The loader slips back to its
neutral position and the slider moves to a new equilibrium position. (d) New equilibrium position, no lateral contact force.

The device was placed in an environmental chamber, inside
which the atmosphere was kept at a temperature of 25 + 5 °C
and the relative humidity was kept below 5%. The chamber
was fitted with a glass viewport to allow optical access to a
Motic PSM-1000 optical microscope mounted above it. The
friction sensor was illuminated through the microscope objec-
tive by a liquid light-guide-coupled Sutter HPX-L5 90W
LED light source, which has the equivalent light output of a
150W xenon arc lamp. Images were captured by an IDS uEye
3370CP CMOS camera, mounted on top of the microscope.
The entire setup was suspended in bungee cords inside an
acoustic isolation booth mounted on active pneumatic sup-
ports in order to isolate the device from external mechanical
and acoustical disturbances.

Throughout the entire experiment, a voltage of 85.0 V was
applied to the comb-drive actuators of the loader, which pushed
the loader against the slider with a force of 669 £ 51 nN. This
force was determined from the voltage—displacement relation-
ship of the loader using the method explained in our previous
work on adhesion measurements [25]. Note that the normal
force value given here refers only to the externally applied
force. Because of adhesion, the actual normal force at that
contact is somewhat higher and varies during the experiment.

In order to measure the friction force during a single recip-
rocating sliding motion, the actuator voltage of the slider actu-
ator was increased from range OV to 60V in 1000 steps and
back again, while an optical microscope image of the moving
slider and a fixed reference was captured at each step. The
voltage step size decreases with the square-root of the voltage,
to compensate for the quadratic relation between the actuator
voltage and the displacement of the slider. This way, the slider
moved from Onm to 740nm and back in 2000 equal steps of
0.74nm. Measuring a single cycle this way takes 36s. The
position of the slider relative to the substrate was determined
from the captured images at each voltage step with a reso-
Iution of 0.2 nm, using our in-house developed curve-fitting
technique [26].

The entire experiment consisted of two parts. First, 200
consecutive sliding cycles were recorded in order to observe
how the pristine surface changes during the first few cycles
at a low velocity. Second, the sliding cycles were recorded in
blocks of 20 consecutive cycles, in between which an expo-
nentially increasing number of sliding cycles was performed

Table 1. Summary of the geometrical and mechanical properties
of the MEMS tribometer shown in figure 1. The spring constants
were calculated analytically using standard cantilever beam
approximations [23]. The sidewall roughness was obtained from an
AFM measurement by van Spengen et al [24], on a device that was
fabricated using the same technology.

Tribometer property Value
Suspended structure thickness 2.0 pm
Loader tip radius 10.0 pm
Young’s modulus of poly-silicon 158 + 10 GPa
Loader suspension spring constant, ky 1. 26+02Nm™!
Slider suspension spring constant, kg 39402 Nm™!
Sidewall RMS surface roughness [24] 13+ 3 nm

at an average velocity of 50 pm s~!. The total number of
sliding cycles was 2249 827.

3. Results

The resulting dataset consists of 1000 sliding cycles of 2000
measurement records each. Each record contains the voltage
applied to the slider comb-drive actuators, and the measured
slider displacement x; relative to the substrate. In section 3.1,
we show how to transform these raw values into the lateral
force at the contact, Feopuer, and the position at which the
loader touches the slider, x¢onwc. We then study the evolution
of the friction force and its distribution across the sliding track
qualitatively: by analyzing the individual friction loops in sec-
tion 3.2, and by introducing a new visualization method that
displays many aspects of all recorded friction loops in a single
plot in section 3.3. In section 3.4 we show how to identify
individual slip events and we discuss their statistics. Finally,
in section 3.5 we use this information to distinguish between
two types of friction energy.

3.1. Calculation of the force and contact position
from the raw data

Figure 3(a) shows an example of a single measured friction
cycle in its rawest form: the measured slider position x, versus
the applied actuator voltage. The dashed-red line indicates
the ‘undisturbed motion’ x, ynq: the displacement of the slider
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Figure 3. Transformation of the raw displacement measurement data, (a) to an FFM-style friction loop, (b) to a MEMS-style friction
loop, (c) to a ‘physical’ friction loop (d). The arrows indicate slip motions. The slopes of the stick-parts of the friction loops in (b) and (c¢)
depend on the spring constants of the measurement system, and correct interpretation of their horizontal axes requires knowledge of the
measurement system components, which makes them less intuitive to interpret than the friction loop in (d).

when it is not in contact with the loader. The blue data points
correspond to the measured slider positions during the for-
ward sliding motion, and the orange data points correspond to
the measurement slider positions during the backward sliding
motion. At the continuous parts of the lines, the slider is stuck
to the loader. The reason that stick-sections are not perfectly
horizontal is that the slider can still move while being stuck,
due to the finite bending stiffness of the loader. The arrows
connecting the discontinuities indicate slip events. These are
too fast for our measurement system to capture. The data
points and the arrows together constitute a hysteresis loop,
commonly referred to as ‘friction loop’. Because the force of
friction always acts in the direction opposite to the motion
of the slider, x; < xgyng during the forward motion, and
Xs 2 Xsund during the backward motion.

To transform the voltage—displacement curve of figure 3(a)
to a force—displacement curve, we first need to obtain a math-
ematical relationship between the measured displacement
X5, the actuator voltage V. and the contact force Feonact- A
schematic representation of the operation of the tribometer is
shown in figure 2. The blue arrows indicate the forces acting
on the slider. The force balance of all forces acting in the
x-direction (the vertical direction in figure 2) is given by

d?x
e
where F, is the force exerted by the slider’s actuator comb
drives, Feonct 1S the contact exerted on the slider by the loader,
and Fipings 18 the restoring spring force of the slider support
springs.

YFy = —Faet + Feontact + Fspring,s =m (H

. . 2 .
When the device is at rest, % = 0, so we can write for the
actuator force Fy:
Fact = Feontact + Fspring,s 2)
= Feontact + ks X, (3)

where ks is the spring constant of the slider support springs.

We do not actually have to know the value of F, to obtain
Feontact- Instead, we can calculate Fon,e for every value of
V.ot from the difference between the actual displacement of
the slider xg and the undisturbed displacement of the slider,
Xsund- When Feoptace = 0, Xg = Xguna by definition. So:

ki,

NI
) S T
N Tmm—

Figure 4. Mechanical lumped element model of the slider and
loader of the MEMS tribometer shown in figure 1. It shows the
equivalent lateral springs constants and forces acting on the slider
while the loader is stuck to the slider due to static friction. This
model corresponds to the state of the tribometer as shown in

figure 2(b). When the loader is stuck against the slider, it acts as an
additional spring in parallel to the folded flexure suspension.

Faet = ks * Xsund for Feontact = 0. 4)
substitute (3) for F,:
ks - xs + Feontact = Ks * Xsund 5)
rearrange the terms:
Feontact = ks * (Xsuna — Xs) - (©6)

We use equation (6) to calculate the contact force from our
measured values of x.

In AFM-based friction force microscopy, the contact force
is usually plotted versus the cantilever support position. This
quantity is very similar to our ‘undisturbed motion” and can
be explained using exactly the same wording as used above:
it represents the position at which the cantilever tip would
have been if the contact force had been zero. Because friction
force microscopy is older than MEMS tribology, MEMS fric-
tion loops are often plotted the FFM way, which is shown in
figure 3(b). The slope of the stick-parts of the plot depends
on the spring constants of the system. Figure 4 shows a
mechanical lumped element model that describes a situation
in which the loader is stuck to the slider for Fat # O (figure
2(b)). From the lumped element model we know the relation
between the slider displacement, x,, the actuator force, Fy,
the spring constant of the slider’s support springs, kg, and the
spring constant that corresponds to the lateral bending mode
of the loader, & :
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Figure 5. A number of friction loops recorded after an increasing
number of contact cycles (first cycle on top). The arrows indicate
slip motion events. The friction loops are displayed by plotting the
lateral force versus the contact position Xconaet- The color of the
data points is proportional to the magnitude of the friction force and
corresponds to the color scale used in figure 6.

1
=F 0 —
Xs act ki + ks (7)
Substitute (4) for F,e, and (6) for xg:
F k
Xs,und — C(;cntact = Xs,und * ﬁ (®)
S L s
rearrange the terms:
ki -k
Feontact = Xsund * ﬁ ©

finally differentiate with respect to X, ynd:

aFcontact _ kL : ks
@Cs,und kL + ks .

This means that the shape of the friction loops depends
strongly on the geometry of the measurement system, which
makes them hard to interpret.

A more ‘pure’ way of plotting MEMS friction loops would
be to place the measured slider position x; on the horizontal
axis, as is shown in figure 3(c). The slope of the stick-parts
of the plot now only depends on ki, which we can prove by
substituting (3) for Fye in (7):

(10)

Xs = (Fcontact + ks 'xs) : kL + ke (11)
simplifying:
Fcontact = Xs - (kL +%) _k(/xs/ (12)
and differentiating with respect to xg:
aFconlact — kL, (13)
Ox;

This means that ki, can now be calculated from the linear
slopes of the friction loops, which allows for a third type of
friction loop to be plotted: the force versus the actual con-
tact position Xcongact, Where Xeonwer 1 calculated from xg and
ki using

Fcontact

kL

This type of friction loop is shown in figure 3(d). We will use
it throughout the rest of this paper because it offers several
important advantages over an FFM-style friction loop. First,
its interpretation requires no knowledge of the geometry and
components of the measurement system. Second, and more
importantly, the surface area under any continuous section of
the graph directly corresponds to the energy that was dissi-
pated at that specific contact range. In an FFM-style friction
loop, on the other hand, the surface area under any section of
the graph corresponds to the potential energy stored in or
gained from the support springs. Although it is possible to
extract the dissipated energy at every contact position from
an FFM-style loop indirectly, doing so is much less intuitive.

(14)

Xcontact = Xs —

3.2. Raw friction loops

Several measured friction loops of the experiment are
shown in figure 5. A movie of all individual friction loops
can be found in the supplementary material (stacks.iop.org/
MST/28/115011/mmedia). As promised, we have plotted the
lateral contact force Fonce ON the vertical axis versus the con-
tact position Xconeet ON the horizontal axis.

Stick—slip motion measurements, such as this one, produce
friction loops that consist of two contributions: continuous
‘stick parts’, where the slider is stuck to the loader, and dis-
continuous ‘slip parts’, where the slider slips.

Blue arrows are drawn between the start and end points of
slip events. A slip event occurs when the actuator force F,q
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Figure 6. Hexagonal bin plot of the maximum friction force measured at every contact position of all friction loops. The color of each bin
corresponds to the maximum value of Fycion. The 3D surface plot has been constructed from the bin values and positions. We have used

Matplotlib’s [27] perceptually uniform colormap ‘viridis’.

becomes greater than the static friction force, the contact is
broken, and the slider moves to a new position where it gets
stuck. Note that we do not have any measurements while the
slider is slipping, because our measurement method is too
slow to capture the slider while it is in motion. At every meas-
urement point, the slider is stationary.

During the first few cycles, the slider is stuck most of
the time. As more cycles elapse, the friction force decreases
slightly, and a higher number of slip events occur. After 2 mil-
lion cycles, the surface has become smooth, and the friction
loops are almost continuous.

3.3. Hexagonal bin plots

Studying graphical representations of all 2000 recorded fric-
tion loops is highly informative, because it allows us to follow
how the positions at which the slider sticks change from cycle
to cycle. Unfortunately, printed formats only allow for a few
friction loops to be displayed.

However, many details of the friction loop shape can be
conveyed by using an hexagonal bin plot [28, 29] as shown
in figure 6. The graph shows the slider position Xcontact ON the
vertical axis versus the number of elapsed cycles ncycles On the
horizontal axis.

The hexagonal bin plot is constructed in the following way.
First, the graph area is divided into a honeycomb lattice of
hexagonal bins, on top of which all 1.8 million measurement
records of {7cycles, Xcontact> Friction } are scattered. For each bin,
a single scalar value is now calculated from the data points
inside it. This value determines the color of the bin. In prin-
ciple it can be any metric that describes the data it contains,
such as the mean, minimum, or maximum value, or even
simply the value count. In this case, the bin color corresponds
to the maximum value of Ficiion. The plot can be understood
as a collection of all measured friction loops ‘viewed from
the top’. It main strength is that it shows the evolution of the
friction force magnitude and its distribution across the surface
in a single plot.

In the first part of the experiment, in which 200 cycles
were measured consecutively, there are three dominant stick

Table 2. Overview of all cycle numbers that mark a significant
change in the experimental results. All of these cycle numbers are
illustrated in the plots in this paper using colored dashed lines.

Line Cycles Event

---- 200 The experiment mode changes
from slow to fast

---- 1700 Overall increase in stick force

---- 65000 Start of overall smoothening of

friction loops

locations, at O0nm, 250nm and 600nm. During the first 10
cycles, the slider mostly sticks close to the last two locations,
but from 20 cycles onwards the slider occasionally sticks
at other locations as well. Immediately after the start of the
second part of the experiment, in which fast, unmeasured
cycles are executed between the measurements, the dominant
stick locations are smoothened across the entire motion range.
After 1700 cycles, the overall stick force suddenly increases
across the entire surface. The force gradually decreases again
until 65000 cycles have elapsed and a new friction force
maximum occurs. From this point onwards, the friction loops
become very smooth and almost continuous.

We have marked the boundaries of the regions in our exper-
iment in every graph in this paper using vertical dashed lines.
Their meaning is summarized in table 2.

3.4. Stick—slip statistics

Slip events show up in the friction loops as discrete jumps,
where the contact position increases more than the constant
step size of the undisturbed motion. We automatically labelled
pairs of data-records { p,,pnt1} as stick—slip pairs when the
following conditions were true simultaneously:

D- (xcontacl,n+1 - xcontacl,n) >2- A"7s,und (15)

=D - (Fcontact,n—i-l - Fcontact,n) >2- ks ' A’Cs,und (16)

where D = 1if the actuator voltage increases (forward sliding
direction) and D = —1 if the actuator voltage decreases (back-
ward sliding direction). Axgyng = 0.74 nm is the constant
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Figure 7. Scalar quantifiers obtained from the individual friction loops plotted versus the total number of elapsed cycles. (a) The mean
friction force per cycle, (b) the standard deviation of the measured friction forces per cycle, and (c) the total number of slip events per cycle.

displacement step size as measured in the undisturbed motion
curves. This allowed us to give each ‘point of stick’ (the con-
tinuous parts of the friction loops) and each stick—slip point
pair (the arrows) a unique label, analyze their individual prop-
erties and study how their statistics develop as a function of
the number of elapsed cycles.

When using a simple thresholding algorithm to detect steps
in data, as we are doing here, the smallest detectable step is
determined by the noise level of the data. In our case, the RMS
displacement noise is an exceptionally low o, = 0.2 nm. As
a rule of thumb, a safe detection threshold is often taken as
60 = 1.2 nm. This is less than twice the minimum displace-
ment step of 2 - Axg g = 1.48 nm that we are trying to detect,
so our thresholding algorithm will yield reliable results for
this dataset. For more noisy data this simple approach will not
work and a more robust step detection algorithm should be
used, such as the one discussed by Yao and Li [30].

The maximum absolute value of the lateral force at each
point of stick is the static friction force at that specific loca-
tion. Figure 7 shows the mean of the friction forces measured
per cycle, their variability, and the total number of slip events
in each measured cycle.

Figure 8 shows the evolution and spread of the coefficient
of (static) friction p. Each data point is obtained by dividing
the maximum lateral force before a slip occurs by the exter-
nally applied normal pushing force of Fy = 669 4 51 nN.
During the first ~10° cycles, the mean coefficient of friction
per cycle varied roughly in the range between the values of
the static and dynamic coefficients-of-friction for glass—glass
contacts of 0.94 and 0.4 respectively. After ~10° cycles the
coefficient of friction decreased down to 0.12. The variability
of the friction coefficient follows the same trend as the mean
friction force shown in figure 7(b).

3.5. Semi-statically and dynamically dissipated energy

Our friction loops consist of two contributions: continuous
‘stick parts’, where the slider is stuck to the loader, and dis-
continuous ‘slip parts’, where the slider slips from one stick
part to the next. When we calculate the dissipated energy from
a friction loop, we have to treat these two contributions sepa-
rately. We will refer to the energy dissipated while the slider

I I
_ I I
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Figure 8. The coefficient of static friction: the maximum friction
force before a slip occurred divided by the externally applied
normal force. To provide a macro-scale frame of reference for the
magnitude of these values, the horizontal dashed-light gray lines
indicate the empirical values of the static (0.94) and dynamic (0.4)
coefficients-of-friction for bulk glass—glass contacts [31].

is stuck as the semi-statically dissipated energy, and to the
energy dissipated during the slip events as the dynamically
dissipated energy.

We choose the term ‘semi-static’ because it refers to the
parts of the measurement where the slider is stationary and
no inertia is involved. However, every dissipation process is
inherently dynamic, not static, which is why we have added
the ‘semi’-prefix. The physical mechanisms by which semi-
static dissipation occurs may involve, for example, small con-
tact deformations and plastic yield of the contacting surfaces.

The term ‘dynamic’ refers to the fact that the underlying
dissipation mechanisms are related to the dynamic behavior of
the slider. While the slider is slipping, it may slide viscously
and break weaker asperities along its path. When it finally
gets stuck again, it will dissipate the remainder of its kinetic
energy on impact.

The calculation of both energy contributions is illustrated
in figure 9(a). We obtain the semi-statically dissipated energy
by integrating Fiiction With respect to xeonwer between the start
and end of a single stick part:

Xend
Egatic = / FlrictiondXcontact» a7
KXstart
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Figure 9. (a) [llustration of how the semi-statically dissipated energy and the dynamically dissipated energy are obtained from a friction
loop. The semi-statically dissipated energy is the surface area below the continuous ‘stick parts’ of the friction loop. The dynamic energy

is the surface area of the right-angled triangle defined by the slip arrows. This friction loop was recorded after 53 818 sliding cycles. It was
selected because its semi-statically dissipated energy roughly equals its dynamically dissipated energy. (b) The dissipated energy versus

the number of elapsed sliding cycles. The dynamic energy is the energy dissipated in slip motion events. The semi-statically dissipated
energy is the energy dissipated while the loader is stuck but the contact yields somewhat. At low cycle numbers most energy is dissipated in
the large slip events (see figure 5). At very high cycle numbers, the friction loops become very smooth, and almost all energy is dissipated

semi-statically.

where Ejg.qc 1s the semi-statically dissipated energy.

The dynamically dissipated energy cannot be found by a
similar integration method, because we do not have any posi-
tion measurements during the slip motion itself. We only
know where the slider starts slipping, and where it gets stuck
again. However, the energy dissipated in a slip motion must
be exactly equal to the decrease in potential energy stored in
the slider support springs, regardless of exactly when and by
which mechanism the energy is converted to heat. This means
that we can calculate the energy dissipated in a single slip
event from the difference between the spring energy Egping
just before and immediately after the slip motion:

1

Espring = Ekxz (18)
1 2

AEspring = - Ek (xbefore - xafter) (19)

1 2
= ——kAx (20)

2

1

Edynamic = _AEspring = - EAF contact = contact» 2D

where Egynamic is the dynamically dissipated energy of the slip
motion.

In our friction loops, equation (21) is equal to the surface
area of the right-angled triangle defined by each slip motion
arrow. These areas are shaded in green in figure 9(a). Note
that this means that the total energy is not equal to the surface
area of the friction loop, as is the case in an FFM-style friction
loop (figure 3(b)).

Figure 9(b) shows the semi-statically dissipated energy
and the dynamically dissipated energy of each cycle, as well
as the mean of their sum, versus the total number of elapsed

cycles. In the first part of the experiment, most energy is dis-
sipated dynamically, with a large variability. After the exper-
imental mode is changed at 200 elapsed cycles, the dynamic
energy decreases but the semi-static energy remains constant.
After 1700 cycles, the dynamic part of the dissipated energy
decreases, while the semi-static energy starts to increase
monotonically. After 65000 cycles, the dynamically dissi-
pated energy quickly decreases to zero. The semi-static energy,
however, keeps increasing monotonically until it finally starts
to flatten off after 1 million cycles.

4. Discussion

Our visualizations of the individual friction loops in figure 6,
the aggregated quantities shown in figure 7 and the dissipated
energy together paint an indirect yet lively picture of the
events that occurred at the contact.

4.1. Physical interpretation of the results

During the first part of the experiment the slider moves over
the surface in several large jumps. The locations at which
the slider sticks do not change much. After the experiment
changes, high-speed sliding motions are executed between the
measured cycles, and the surface changes instantly. This is
because the inertia of the moving slider is now large enough to
break the highest interlocking asperities, which has a notice-
able effect on the magnitude of the friction force (figure 7(a)),
the dynamically dissipated energy, and the friction coeffi-
cient. Because these surface changes happen during the fast
cycles that are not measured, the surface remains relatively
stable during the recorded measurement blocks where the
slider inertia does not play a role and the available forces are
not large enough to modify the contact significantly. This is
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confirmed by a sharp decrease of the force variability (figure
7(b)) after the measurement type changes.

After 1700 cycles, the breakup of a large third body or
asperity significantly increases the mean friction force and
the friction coefficient, which causes a sharp increase in the
amount of semi-statically dissipated energy. From this point
onwards, the total number of slip events gradually increases
while the friction force, friction coefficient and the dissipated
energy decrease monotonically.

Around 65000 cycles we observe the formation and
destruction of an obstacle near the center of the sliding track,
which is indicated by a peak in the mean friction force, the
coefficient of friction, the force variability, and the total dis-
sipated energy. A remarkable transition in friction behavior
follows. The amount of slip events almost triples, yet the
dynamically dissipated energy quickly drops to zero. The
semi-statically dissipated energy, which had been rising
steadily since the start of the experiment, becomes the domi-
nant energy dissipation mode.

The friction loops are now almost completely smooth,
which indicates that the previously dominant stick—slip
behavior has changed to normal sliding. However, the shape
of the friction loops has become highly asymmetric. For both
directions of motion, the friction force gradually decreases
when Xgontaer 1S near the edge of the sliding track. In some
cases it even becomes negative, indicating that at certain
positions the slider is being dragged along rather than being
held back. Our hypothesis for explaining this behavior is
that a small amount of viscous slurry is formed at the con-
tact, which consists of the pulverized remains of SiO, debris,
carbon contaminants, and a small amount of adsorbed water.
A small excess of the slurry at the far ends of the sliding track
will pull on the slider by capillary action, which accounts for
the observed negative friction forces. The excess of slurry
increases capillary adhesion, which in turn increases the local
static friction force. This accounts for the fact that the slider
sticks at the far ends of the sliding track after the direction of
motion is reversed. The slurry will also introduce some visco-
elastic behavior along the length of the sliding track, and may
in part be responsible for the smooth sliding behavior during
the final stages of the experiment.

The steady rise of the semi-static energy after 1700 cycles
may be caused by a gradual increase of the contact area due
to flattening. This would increase the adhesion forces acting
between the contacting surfaces, which in turn increases the
friction force, as well as the amount of dissipated energy.

5. Conclusion

We have successfully measured the evolution of the static fric-
tion force between two contacting silicon MEMS sidewalls
with a resolution of 0.6 nN. By compensating for the in-plane
bending spring constant of the loader, we were able to obtain
the friction force as a function of the real point of contact
rather than the equivalent of the cantilever support position of

an FFM measurement. This results in a more intuitive type of
friction loop, because it does not require any knowledge of the
measurement system with which the data was acquired.

Hexagonal bin plots are an effective visualization method
for studying the evolution of the friction force in a recipro-
cating sliding motion as a function of any variable. Figure 6
gives a clear qualitative description of how the shape of the
friction loop changes as a function of the total number of
elapsed friction cycles.

The identification of individual slip events allowed us to
split each friction loop into sections of stick and sections of
slip, and we obtained two distinct mechanisms by which
energy is dissipated. The semi-statically dissipated energy is
related to the deformation of the contact by a variety of phys-
ical mechanisms before actual sliding occurs. The dynami-
cally dissipated energy is related to the slider dynamics during
the micro-scale slip motions and to the impact when the slider
gets stuck again.

We have measured the variability and drift of the static fric-
tion coefficient (figure 8), the mean static friction force (fig-
ures 7(a) and (b)), and the number of slip events (figure 7(c))
as a function of the total number of elapsed cycles. The coef-
ficient of friction is not an adequate metric by itself to describe
the characteristics of friction in MEMS, because of its large
variability with each friction cycle.

After a large number of sliding cycles the friction loop
shapes remain the same. The semi-statically dissipated energy
gradually increases throughout the experiment and levels
off after 1 million cycles, indicating that the ‘run-in’ of the
surfaces is complete. The dynamically dissipated energy is
more variable than the semi-statically dissipated energy and
decreases throughout the experiment, and eventually becomes
zero when the stick—slip behavior of the contact has changed
to continuous sliding.

The simultaneous existence of these two energy contrib-
utions in the same order of magnitude appears to be unique
to the meso-scale, and to its characteristic multi-asperity con-
tact. It would be of great value to study how these energies
behave in meso-scale and atomic scale friction force micros-
copy measurements under well-controlled circumstances. The
ability to disentangle the dissipated energy into two physically
different contributions will enable more accurate conclusions
to be drawn from all friction loop measurements.
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