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Abstract

The difficulty in detecting and controlling forces in the gap between the nanoscale and macroscale tribometry regimes has so
far limited the application of fundamental atomic-scale insights to practical friction and wear control. This paper describes
methods to achieve and quantify millinewton forces measured by atomic force microscopy (AFM) using existing experimental
tools. We mounted colloidal microspheres at different points along the span of commercial AFM cantilevers to reduce their
effective flexural length from 125 ym to between 21 and 107 um. The resulting spring constants, based on direct calibration,
varied from 100 to 10,000 N/m. Within a commercial AFM (Dimension 3100), these cantilevers produced normal force
calibration constants between 0.006 and 0.430 mN/V; i.e., increasing the spring constant by 100 X caused a corresponding
increase in the calibration constant but only a negligible increase in V/m sensitivity. We demonstrate these new capabilities
by measuring friction between the colloids and single-crystal MoS, at applied normal forces up to 3.4 mN, which is in the
range of existing tribometers and well above the forces typically used in AFM-based measurements. These methods, which
make use of well-established procedures and only require a modified AFM cantilever, are intended for use by other research-
ers as a platform for bridging the gap between nanoscale and macroscale tribometry.

Keywords High-force AFM - Normal force calibration - AFM colloidal probes - AFM reference cantilevers

1 Introduction

Macroscale tribological contacts typically comprise many
discrete nanoscale contact areas of unknown; location-
dependent; and time-varying size, shape, and pressure [1]. In
addition to effects from deformation, wear, third bodies, and
tribofilm growth, these features make controlled studies of
macroscale tribological phenomena especially difficult [2].
By contrast, nanoscale friction measurements, which typi-
cally use atomic force microscopy (AFM), can be conducted
within a single asperity contact of well-defined size and
location to promote more fundamental studies of tribological
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phenomena [3-5]. In one of the pioneering examples [6], the
spatial periodicity of stick—slip friction variations matched
the lattice structure of the graphite substrate as predicted
by the Prandtl-Tomlinson model of atomic-scale friction
[7, 8]. Other investigators have since used scanning probe
microscopy (SPM) to study lattice periodicity [9-11], fric-
tional anisotropy [12, 13], contaminant effects, superlubric-
ity [12, 14, 15], and thermally activated slip [10, 16-21]
among other fundamental aspects of atomic-scale friction.
More recently, large-scale molecular dynamics (MD) simu-
lation have been used to model these nanoscale tribological
interactions and strengthen the link between experimentally
observable phenomena [7, 22] and their underlying mecha-
nisms [23].

It remains unclear how these fundamental nanotribologi-
cal phenomena manifest themselves at the larger loads and
length scales of more typical tribological contacts. Yoon
et al. studied frictional scaling by comparing the frictional
response of Si and DLC to varying probe radius using
low loads in the AFM and high loads in a microtribom-
eter [24]. Interestingly, AFM-based friction coefficients
of both materials increased with probe radius toward the
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radius-independent values obtained by the microtribometer.
Nonetheless, the friction coefficients, probe radii, and loads
differed by 10X, 100x and 10,000 X, respectively, between
instruments. Bhushan and Kulkarni varied load at constant
probe radius and attributed a transition from lower friction
coefficients at lower loads to higher friction coefficients at
higher loads to the onset of plastic deformation and wear
[25]. Tambe and Bhushan [26] and Bhushan et al. [27] con-
ducted similar experiments for a range of materials using
AFM and microtribometry and showed that microscale
friction coefficients were typically an order of magnitude
greater than their nanoscale counterparts. They proposed
that increased plastic deformation, reduced hardness, third
bodies (wear) and roughness contributed to the relatively
larger friction coefficients of the microscale contacts. While
these results demonstrate clear differences between nano-
and microscale friction, they fail to elucidate where these
differences first emerge; why they occur; if they are domi-
nated by differences in contact size, load, contact stresses,
or sliding speed [28]; and if the trend of increased friction
with size scale is an inherent feature of all or most tribologi-
cal systems.

Understanding how fundamental atomic-scale interac-
tions ultimately contribute to macroscale friction and wear
requires controlled studies of friction across the relevant
length and load scales. Experimental limitations, primar-
ily in load control and sensing, have precluded such stud-
ies to date. In this paper, we develop general methods to
help close this experimental gap. Because all commercial
AFM’s infer forces based on beam deflection measure-
ments, the range of loads that can be applied and meas-
ured is primarily limited by the stiffness of the cantile-
ver. Herein, we describe: (1) how well-established probe
mounting methods can be used to increase the load range

of commercial AFMs beyond 1 mN, which is within the
range of existing microtribometers; (2) a direct method to
calibrate beam stiffness and quantify AFM forces in the
millinewton testing regime; and (3) the validation of a
high-force AFM measurement approach using a commer-
cial instrument and a model tribological system.

2 Materials and Methods
2.1 Preparation of High-Force AFM Cantilevers

Silicon tapping mode cantilevers (with a nominal stiff-
ness of 40 N/m) were used and customized in this study.
According to the Euler beam theory, cantilever beam
stiffness is inversely proportional to the cube of distance
between the fixed end and the loading point; the “effec-
tive length” is hereafter defined as the distance between
the fixed end and the center of the colloid as illustrated in
Fig. 1. Using methods described in our recent paper [29],
we mounted ~ 30 um steel microspheres (NanoSteel Co.,
Providence RI) at controlled distances along the span of
the cantilevers to systematically vary the effective length,
spring constant, force constant, and load capacity of oth-
erwise stock AFM cantilevers.

The colloidal spheres were mounted at varying loca-
tions along the cantilever using a two-part epoxy (JB
Weld, Sulphur Springs TX) with the aid of an optical
microscope and a custom micromanipulator, based on
previously established methods [30]. Optical images of
the seven mounted cantilevers prepared for this study are
shown in Fig. 1. The measured dimensions and properties
of these beams are provided in Table 1.

Fig. 1 (1-7) Profile views of the seven cantilevers prepared for this
study. The distance of the steel colloid from the free end of 40 N/m
cantilevers decreases with increased cantilever number. These optical
images were subsequently used for determining the effective length,
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as illustrated in (1), following mounting of steel colloids; (8) an illus-
trative plan-view of an unmodified cantilever used to quantify the lat-
eral dimensions (length and width) of the cantilever. All eight images
have the same scale
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Table 1 Measured properties of the seven cantilevers used in this study

Cantilever

No. 1 No. 2 No. 3 No. 4 No. 5 No. 6 No. 7
Beam width (long base) (um) 37.3 36.4 359 37.4 36.6 36.1 37.8
Beam width (short base) (um) 17.2 17.2 17.0 17.4 17.7 17.3 17.8
Thickness (um) 5.0 5.0 5.0 5.0 5.0 5.0 5.0
Effective beam length (um) 106.9 98.1 88.5 55.9 31.3 30.2 21.1
Measured stiffness, kqyqijever N/M) 78+1.0 85+14 122+2 310+6 1930+ 60 3710+ 140 10,900+ 700
Theoretical stiffness, ki,eqr, (N/m) 80+21 102+27 137+37 562+ 151 3190+ 850 3500940 10,600 +2800

Length measurements were made in an optical microscope with a resolution of 0.5 um. The measurements were fit to Euler beam theory (Eq. 1)
to quantify Young’s modulus, which was subsequently used to back-solve for the theoretical stiffness of each cantilever. The best-fit to modulus
was 120+ 32 GPa; our uncertainty analysis showed that ~90% of this error is attributable to uncertainty in the thickness measurement (~5% due
to uncertainty in length and ~5% due to uncertainty in the calibrated spring constant). This modulus error was subsequently propagated into the

theoretical stiffness calculation

2.2 Quantifying Cantilever Flexural Stiffness: The
Direct Calibration Method

We adapted the nano-force calibrator (NFC) methods
described by Kim ef al. as a direct and traceable means for
calibrating flexural stiffness [31]. The custom system we
constructed is functionally analogous to the NFC and is
shown schematically in Fig. 2. Briefly, the calibration sys-
tem used a high-resolution (+6 nm) nanopositioning stage
(Physik Instrumente Q-545) to actuate the cantilever and a
high sensitivity (+ 100 nN) analytical microbalance (Mettler
Toledo XP105DR®) to quantify the force response to can-
tilever deformations. A digital optical microscope with a 5
MP CMOS image sensor (Dino-Lite Edge AM7915MZTL)
was used to guide the approach to contact (Fig. 2¢). To per-
form a flexural stiffness calibration measurement, the probe
was loaded and unloaded against a silicon flat, which was
glued to a platform and mated with the microbalance tray at
three contact points; three load-unload curves were used for
each measurement. Linear regression of force versus actua-
tion depth was used to quantify the spring constant and its
statistical uncertainty. Three independent repeat measure-
ments were performed with one soft (Lever 1-78 N/m) and
one stiff cantilever (Lever 7-10,900 N/m) to quantify repeat-
ability error from user—system interaction. For repeat meas-
urements, the holder was removed from the instrument and
the chip was removed from the holder before each repeat.
Because these analytical microbalances are self-compen-
sating and extremely stiff, Kim et al. neglected any com-
pliance from their NFC calibration system [31]. However,
compliance of even stiff systems can become significant for
stiff cantilevers similar to those of interest here. To correct
for system compliance, we first quantified system stiffness,
kyysiem» DY Tepeating the calibration measurement with a Si
blank in place of the cantilever. Five repeat measurements
with independent blanks on independent days revealed
that k =10,600 + 600 N/m. The corrected stiffness

system

of each cantilever was determined using the expression:
kcamilever = (ktotal_1 - ksystem_l )_l . The total combined
uncertainty in the cantilever spring constant was then quan-
tified according to the Law of Propagation of Uncertainty as
outlined by the ISO Guide to Uncertainty in Measurement
[32].

2.3 Experimental Validation of Direct Calibration

Four Bruker CLFC-NOBO chips, each comprising three ref-
erence cantilevers, were used to experimentally validate the
direct calibration method. Each tip-less reference cantilever
was pre-calibrated by the manufacturer using the thermal
tune method [33, 34] and had a nominal (prescribed) spring
constant of 10.4, 1.3 or 0.16 N/m; specific pre-calibrated val-
ues were reported for each reference cantilever but experi-
mental uncertainties in those values were not provided. Each
cantilever chip was loaded into the custom holder and cali-
brated independently using the direct calibration method.
Each direct calibration constant was compared against the
manufacturer reported value to test agreement with a widely
used industry standard.

2.4 Experimental Application

To quantify how substantially increased cantilever stiffness
affects real-world normal and friction force sensing, we
tested the colloid-stiffened cantilevers with a commercial
AFM (Bruker Dimension 3100). The AFM normal force
calibration constant (force per volts) depends on the can-
tilever-specific flexural stiffness (force per displacement)
and the cantilever deflection sensitivity constant (volts per
displacement), which can vary with differences in chip and
laser positioning; for this reason, calibrations and measure-
ments were done without changing chip or laser position
in between. Cantilever deflection sensitivity calibration
involved the regression of a single force—displacement curve
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Fig.2 a Schematic of the calibration setup; b close-up view of the
contact between the AFM probe and the microbalance; ¢ in situ view
of the approach to contact; d Side-view of the silicon cantilever with

of the test cantilever against a rigid Si substrate. The normal
force calibration constant was determined as the product of
the spring constant and the cantilever deflection sensitivity
constant.

Application experiments were performed with one soft
(Lever 3—122 N/m) and one stiff (Lever 7-10,900 N/m)
cantilever. We tested our ability to detect low friction
coefficients with colloid-stiffened cantilevers using sin-
gle-crystal MoS,, which, in the absence of gross wear,
tends to produce low-friction coefficients on the order of
0.001-0.01 [35, 36] under varying experimental condi-
tions. Friction loops (friction voltage versus position) were
collected for varying set-point voltages from 0.5 to 8 V
over a 5 um by 5 um scan window at 5 um/s scan speed.
The corresponding friction voltage and its uncertainty
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a steel sphere mounted and loaded against the microbalance to obtain
load—displacement relationships

were determined by computing the mean and standard
deviation of the half-width, respectively, over the mid-
dle 50% of the wear track; this ‘reversal method’ of fric-
tion analysis eliminates cross-talk effects (e.g., sensor
misalignment, surface tilt, colloid offset) and artifacts
from the reversal region (e.g., acceleration affects, static
to kinetic transition, ringing, etc.) [37, 38]. We used the
extended wedge method [36] immediately following test-
ing to quantify lateral force calibration constants (per
unit normal force calibration constant). Because the error
sources in indirect model-based lateral force calibration
approaches such as the extended wedge method are dif-
ficult to identify, we treat the resulting measurements as
quantitative estimates.
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3 Results
3.1 Validation of the Direct Calibration Method

Direct calibration curves for the three CLFC-NOBO ref-
erence cantilevers from a representative chip are shown
in Fig. 3a. Measured flexural stiffness fits and the corre-
sponding reported spring constants (red lines) are shown
for reference. Mean values of flexural stiffness and uncer-
tainty for all tested reference cantilevers (three cantile-
vers each on four chips) using direct calibration are shown
in Fig. 3b, together with corresponding manufacturer-
reported values of flexural stiffness. In general, the results
demonstrate excellent quantitative agreement between the
direct calibration method and the reported value. For the
stiffest (11.3 N/m) and most compliant (0.19 N/m) can-
tilevers, differences between measured and reported val-
ues were less than 6% on average and can be attributed
to the experimental uncertainty in the direct calibration
measurement. Interestingly, we observed the worst agree-
ment between measured and reported mean values (17%
on average) for the intermediate beams (1.66 N/m). The
differences, in this case, cannot reasonably be attributed to
direct calibration uncertainty. There is circumstantial evi-
dence that the differences are related to uncertainties in the
reported values, which were not reported: (1) direct cali-
bration constants were always closer to nominal constants
than reported constants; (2) direct calibration constants
exhibited less lever-to-lever variation than the reported

~_~
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Measured Force (UN)
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PN S S SR N T T B

B 0 15 20
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Fig.3 a Stiffness curves for tip-less CLFC-NOBO reference cantile-
vers from a representative chip. Black dots represent measured data;
black lines represent fits to measured data and are labeled by the cor-
responding slope; red lines represent the manufacturer-reported val-
ues from thermal-tuned calibration. Each curve represents the stift-
ness of a different cantilever on the same chip. The inset shows an
in situ image of the long beam calibration measurement. b Results of

constants; (3) the greatest disagreements between direct
and reported constants were observed when reported con-
stants also deviated most from nominal constants. Despite
these small differences, the general quantitative agreement
between methods provides a degree of independent valida-
tion for both.

3.2 Calibration of High-Force Cantilevers
with Colloidal Probes

Direct calibration spring constants are shown for each
mounted and unmounted cantilever in Fig. 4. The measured
spring constants of unmodified cantilevers were between 30
and 50 N/m (40 N/m nominal). Mounting a colloid near the
free end increased the spring constant by ~2x (cantilever
1), while mounting a colloid near the fixed end (cantilever
7) increased the spring constant by ~300 X. Experimental
uncertainty as a portion of each measurement increased
with cantilever stiffness; calibration uncertainty was on the
order of 1% the measured value for the softest beam and
approached 10% the measured value for the stiffest beam
(Table 1). The variabilities in repeat measurements were
consistent with the corresponding experimental uncertainty.
Overall, these results demonstrate that: (1) colloid placement
provides a controllable means for increasing cantilever stift-
ness by several orders of magnitude; (2) direct calibration,
which is traceable to force and displacement standards, is
applicable to cantilevers between 0.1 and 10,000 N/m of
flexural stiffness.

(b)
10 |- - M Chip1 M Chip3
M cChip2 Chip4
/repovted
ik E =] —- <nominal

Stiffness (N/m)

97 197 400
Lever Length (um)

direct calibration (shaded bars) with the long, medium, and short pre-
calibrated cantilevers on each of four chips: nominal spring constants
were 0.16, 1.3, and 10.4 N/m, respectively. Outlines (in red) repre-
sent the reporter value from pre-calibration and nominal values are
denoted for each cantilever family by dashed lines. Error bars repre-
sent the uncertainties in direct calibration constants
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Fig.4 Flexural stiffness from direct calibration for each of seven can-
tilevers before and after mounting the steel colloid. Error bars repre-
sent the statistical standard deviation in the slope of each independent
calibration curve. Four independent repeat measurements were made
for beams 1 and 7 to test for other error sources (e.g., lab temperature,
chip placement in the holder, user repeatability, etc.). The consistency
of the repeat results indicate that the experimental uncertainty is a
reasonably comprehensive predictor of overall measurement error

Euler beam theory predicts that the stiffness is inversely
proportional to the cube of the effective length per Eq. 1:

3EI
ktheory = F (1)
(a) [
10,000 + ®
E ®
2
TJ-.: * 9% 107 x303
£ o0 R?=098
bl C
8 ®
2 . |<— L=107 um ~>| |
= F %
|
‘Io 1 L L L 1 }
10 100

Effective Beam Length, L (um)

Fig.5 a The measured stiffness for all eight beams plotted versus
effective beam length, which is defined as the distance between the
fixed end and the center of the colloid as illustrated with beam 1 in
the inset. The results indicate strong agreement with the theoretical
k~length™. b A comparison between measured stiffness using and
stiffness calculated based on the dimensions obtained from side-view
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The results in Fig. 5 agree well with the theory. Based on
the measured variation in beam length, the expected vari-
ation in spring stiffness is (107/21)° = 132 x; the observed
variation was 136 X (=10,900/80 per Table 1). Plotting
measured stiffness versus effective beam length gives a best
fit with a power-law exponent of —3.03 and a coefficient
of determination of 0.98 (Fig. 5a). Fitting the experimental
measurements to beam theory yielded a Young’s modulus
of E=120+ 32 GPa with R>=0.98 (Fig. 5b); although the
resulting modulus of E =120 GPa is lower than the reported
value of E=169 GPa (for the < 110> direction) [39], the dif-
ference is on the order of the fit uncertainty, ~90% of which
is attributable to thickness uncertainty (0.5 pm). Thick-
ness uncertainty also propagates unfavorably into flexural
stiffness estimates (theoretical), which deviated from the
measurements by ~50% on average. Although thickness
uncertainty can be substantially reduced (e.g., with SEM
measurements), other error sources are likely to emerge
(e.g., stiffening and softening effects from the glue layer).
Thus, we recommend quantifying beam stiffness with direct
calibration when possible.

3.3 High-Force AFM

The cantilever deflection sensitivity calibration curves for
a stiff and a soft cantilever are shown in Fig. 6a. Both can-
tilevers were subject to significant snap-in forces, pull-off
forces, and hysteresis between loading and unloading. The
PSD sensitivities (C,), which were determined using the
linear portion of the loading curves, were 25.2+0.1 and

(b) 10,000 + e
_ e~

E . e

<

v 1,000 +

01 F

(=] E

= [

= L —o

Eel

= e \Em=1ZOGPa

@ 100 +

9 E o

[ E

E -

10 ey
10 100 1,000 10,000

Calculated Stiffness (N/m)

micrographs. The error bars in the measured stiffness represent the
combined error in the regression and the error in the assembly’s com-
pliance while the error bars in the calculated stiffness reflect the prop-
agation of errors from individual measurements into Eq. 1 (~90%
from uncertainty in the thickness measurement)
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Fig.6 a Indentation curves for cantilevers 1 and 7. The approach
and retract curve show substantial snap-in and snap-out due to adhe-
sive forces. The smooth sloped part of the loading curve was used to
quantify the PSD sensitivity. b The same indentation curves but with

21.9+0.1 V/um for the stiff and soft cantilevers, respec-
tively. The ~20% difference between these values is con-
sistent with differences we have observed for repeat meas-
urements of the same cantilever and indicates that spring
constants can be modified radically without radically
changing deflection sensitivity. For the stiffest cantilever,
the resulting normal force calibration constant (ratio of
stiffness and deflection sensitivity) of 433 uN/V reflects
a possible measurement range of more than 8 mN (+ 10V
PSD range), which is well within the measurement range
of existing microtribometers [40, 41]. For these calibration
experiments, a set-point of only 3 V produced normal forces
of 1.3 and 0.017 mN for stiff and soft beams, respectively
(Fig. 6b). These results demonstrate that millinewton forces

®) ,f
[ S,=25.2%0.1V/pm
10T k,=10,900£700 N/m
[ C,=433+27 pN/V
s 081
£ i
o 06+
E -
£ r S,=21.9£0.1V/pm
5 041 K = 122422 N/m
5 i C,=5.57+0.1 uN/V
2 0.2 T z / K
—_— 0.0
-0.15 -0.10 -0.05 0.00 005 0.10 0.15 0.20

Vertical Deflection (um)

PSD voltages converted into quantitative forces. We achieved forces
well above our 1 mN target using setpoint voltages well-below the
limit (3 of 20 V) of a commercial AFM

can be achieved in commercial AFM’s using only existing
materials and methods.

3.4 Lateral Force Sensitivity

Representative lateral voltage loops are shown for varying
set-point voltages for a stiff cantilever (Lever 7) in Fig. 7a.
Low friction between a steel colloid on single-crystal MoS,
produced clean friction loops of statistically significant half-
width at set-points down to 0.5 V. The tilt of the friction loop
due to sample curvature increased with load, which suggests
load-dependent deformation of the adhesive underlying the
MoS, flake. We observed no evidence of load-induced cur-
vature during follow-up testing against Si. It is also worth

(a) %6 T k,=10900£700 N/m (b)
F € =433+27 NNV \50v 0a
044 )
i/—-—" 6.0V k,=122+2.2 N/m i T
S £ $
S 02" 4OV o 03 .
g F w0V = i
2 : Jdov B
2 00 05V & 8
© E ‘w 02 +f¢
% — K .k
T 02 o~ g k,=10,900+700 N/m
©
- 01
04 T .
r Analysis Region .
-3 S S | 00 F o
0 1 2 3 4 5 0 2 4 6 8 10

Lateral Position (um)

Fig.7 a Friction versus position for set-point voltages from 0.5 to
8 V for a steel colloid against single-crystal MoS, using Lever 7, the
stiffest cantilever in the study (k=10,900 N/m). b Lateral signal (fric-
tion loop half-width) versus normal force set-point for a stiff (Lever

Normal set point (V)

7, k=10,900 N/m) and a soft (Lever 3, k=122 N/m) cantilever.
The application of friction to these beams produced similar voltage
responses despite enormous differences in normal stiffness, torsional
stiffness, and applied forces
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noting that loops have been centered about zero for visual
clarity; friction loop offsets arise in such measurements due
to unavoidable misalignment between the sphere and the
shear center of the cantilever in addition to other sources of
cross-talk [36, 38].

The mean lateral signal, which is proportional to the fric-
tion force, is plotted versus normal set-point in Fig. 7b. Fric-
tion forces from nominally identical steel colloids sliding
against the same MoS, sample at set-points between 0.5 and
8 V were well within the detectable range of the instrument
for a stiff (Lever 7) and a soft (Lever 3) cantilever. Friction
from the stiff cantilever was a linear function of load and
passed approximately through the origin of the graph; both
features are typical of macroscale contacts. Friction from the
softer cantilever showed evidence of non-linearity and adhe-
sive friction near zero load; these features are more typical
of AFM-based friction measurements, especially when using
colloidal spheres. These results suggest that the load regime
has a significant effect on frictional behavior and demon-
strate that beam-length modification can be used to study
these effects in a controlled manner (e.g., same materials,
geometries, speeds, etc.).

Calibrated friction forces are plotted versus normal force
in Fig. 8 with linear fits for estimates of the correspond-
ing friction coefficients. At low loads (~ 10 uN) and high
loads (~ 1 mN), mean friction coefficients were ~0.009 and
~0.002, respectively, and consistent with previous measure-
ments of single-crystal MoS, friction [35, 36]. Although
both cantilevers produced comparable minimum friction
forces, only the soft beam showed obvious evidence of adhe-
sive friction approaching zero load (400 nN). In fact, the fit
to friction results from the stiff cantilever gives a significant

k = 10,900 N/m
F,= 0.002F -0.4

k=122 N/m
F.=0.009F +0.4

Lateral Force (uN)
N w I w1 )}

1 10 100 1,000 10,000

Normal Force (uN)

Fig.8 Lateral force (per the extended wedge method) versus normal
force for the stiffest (k=10,900 N/m) and a soft (k=122 N/m) canti-
lever in the study using two different steel colloid-attached probes and
a MoS, sample. The relationship between friction force and normal
force was obviously sub-linear at lower forces with the soft cantilever
and closer to linear at higher forces with the stiff cantilever
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negative intercept (—400 nN); it is worth noting that the
pull-off force observed during PSD sensitivity calibration
of this cantilever was ~ 100 uN. Together, the results are
consistent with significant adhesive friction near zero load,
decreasing friction coefficients with increasing load (sub-
linear), and a transition toward linear behavior at the mil-
linewton load regime. We are currently using these meth-
ods to better understand this transition behavior and how
it depends on experimental variables such as load, probe
radius, pressure, and cantilever stiffness.

4 Discussion

It can be argued that the most important grand challenge in
tribology today is the gap in our understanding of macro-
scale friction phenomena and its underlying atomic-scale
processes. Previous studies attempting to link macroscale
and nanoscale friction results have done so by comparing
them [24, 25, 27, 42, 43] rather than by joining them. To our
knowledge, there have been no successful attempts to bridge
this measurement gap directly within a single instrument or
to match the experimental conditions between nanoscale and
macroscale instruments (e.g., an AFM and a tribometer).
This paper addresses existing experimental limitations by
substantially increasing the accessible load range of com-
mercial AFMs to the millinewton regime where it is possible
for more traditional tribometers to operate [40, 44].

Mounting colloidal spheres near the fixed end of com-
mercial cantilevers increased the effective spring constant
by as much as 100 X. Because these custom high-stiffness
cantilevers are difficult to calibrate with confidence using
more typical methods, we applied a direct method based on
the nano-force calibrator (NFC) [31], which proved repro-
ducible, flexible (from 0.1 and 10,000 N/m), and reliable
(traceable to force and displacement standards). While direct
calibration is best for quantitative studies, our results show
that beam theory can be used to obtain reasonable estimates
of cantilever stiffness, especially if dimensional uncertainties
can be reduced to below 100 nm.

We demonstrate that the cantilevers fabricated for this
study can be used to study friction of model systems such
as single-crystal MoS, continuously and with significant
overlap from 1 uN to 5 mN; such measurements will help
elucidate how friction depends on both load and cantilever
stiffness, the latter of which is likely both important and
under-appreciated as an experimental variable [28]. Addi-
tionally, the load ranges of these AFM-based measurements
overlap significantly with those available with more tradi-
tional tribometers, several of which have demonstrated the
ability to resolve friction forces from comparably low fric-
tion material systems at normal forces well below 1 mN [40,
41]. Measurements from a tribometer are typically easier to
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trace to calibration standards, serve as independent valida-
tion, and provide a direct path from mN forces to true mac-
roscale tribological systems. We are now beginning to use
the methods developed here in combination with a custom
microtribometer (100 nN resolution) in an effort to bridge
nanoscale and macroscale friction.

An unintended benefit of increased beam stiffness in the
AFM is increased sensitivity to super-low friction coeffi-
cients. Friction forces for these low friction material systems
can reach detection limits of multi-axial load cells whose
orthogonal force sensitivities are comparable, which is often
the case [45]. The transduction mechanisms of normal and
friction forces in the AFM use different deformation modes,
which effectively decouples orthogonal force sensitivities.
Because torsional stiffness scales with length and normal
stiffness with length cubed, sensitivity to low-friction coeffi-
cients increases with increased stiffness. The ratios between
lateral and normal force calibration constants for soft (Lever
3) and stiff (Lever 7) cantilevers were 1.1/5.6=0.2 and
9.3/433=0.02, respectively, and effectively represent the
ideal friction coefficient for each measurement system. It
should be noted that the corresponding drawback is reduced
range. Using a set-point of 8 V with the stiff Lever 7 would
saturate the PSD at any friction coefficient greater than
0.025. Thus, larger friction coefficients will tend to limit
the available load range when using this approach.

Finally, we would be remiss to neglect any comment on
potential limitations from the AFM chip holder, the com-
pliance of which reduces the normal force calibration con-
stant by an unknowable amount without prior mechanical
characterization. Separate stiffness measurements of our
holder revealed no detectable indication of compliance
(k>>30,000 N/m) until forces exceeded the clip spring
preload limit of ~10 mN where the spring constant fell to
~5000 N/m; it was a fortunate accident that our holder hap-
pened to be designed well for our target load range. While
we assume that most AMF holders are of similar design and
support comparable forces without significant confounding
effects, we recommend characterizing the compliance profile
of the AFM holder before attempting AFM measurements
above 1 mN.

5 Conclusions

The data presented and analyzed here allow us to draw the
following conclusions:

1) Colloid placement provides a controllable means for
increasing the stiffness of commercial AFM cantilevers
by more than two orders of magnitude.

2) Direct calibration, based on the nano-force calibrator
(NFC) design described in a previous paper [31], is

traceable to force and displacement standards, easily
reproducible, and applicable to cantilevers between 0.1
and 10,000 N/m of flexural stiffness.

3) Mounting a colloid 21 pm from the fixed end of a
125-um-long cantilever increased the stiffness by
~300%. In a Dimension 3100 AFM, the stiffened can-
tilever achieved normal forces of 3.4 mN while detect-
ing friction forces from an ultra-low friction system
(u~0.002). Stiffening the cantilever increased normal
and lateral force calibration constants, while simultane-
ously improving sensitivity to ultra-low friction coef-
ficients (i.e., as low as 0.001).
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