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Atomic Force Microscope Probe based Controlled
Pushing for Nano-Tribological Characterization

Metin Sitti, Member, IEEE

Abstract— Using an Atomic Force Microscope (AFM) probe as
a nano-manipulator, micrometer- and nanometer-sized objects,
especially particles, are pushed on substrates for characterizing
the object-substrate friction parameters and behavior in various
environments, e.g. air, liquid and vacuum. Two possible nano-
tribological characterization methods are proposed in this paper:
(1) Sliding the micro/nano-object on the substrate while it is
attached to an AFM probe, (2) Nano-robotic pushing of the
micro/nano-object with the sharp tip of an AFM probe. Modeling
of these methods are realized and experiments are conducted for
the latter method using a piezoresistive AFM probe as a 1-D force
sensor and nano-manipulator. In the experiments, 500 nm radius
gold-coated latex particles are pushed on a silicon substrate.
Preliminary results show that different frictional behavior such
as sliding, rolling, and rotation could be observed, and shear
stresses and frictional behavior could be estimated using these
techniques at the nano-scale.

Index Terms— Nano-manipulation, nano-tribology, Atomic

Force Microscopy, micro/nano-forces, nano-mechanics.

I. INTRODUCTION

MAGING of any type of micrometer- and nanometer-sized

object in any type of environment down to atomic and
molecular resolution has become possible by the invention
of Atomic Force Microscope (AFM). On the other hand, an
AFM probe has been recently utilized as a simple nano-
manipulator for pushing based positioning of nanometer-sized
objects [1], [2], cutting [3], nano-lithography applications, etc.
Hence, it can be changed from a passive observation tool to
an active manipulation tool. Beside of these applications, there
is another new emerging application of AFM-based pushing
such that micro/nano-objects can be pushed on substrates
in order to understand their tribological properties [4], [5],
[6], [7], [8], [9], [10]. Understanding the nano-tribological
behavior can help in designing new solid lubricants, e.g. for
hard disk storage technology, new polishing materials for
Chemical Mechanical Polishing technology, repeatable and
reliable manipulation of micro/nano-objects on surfaces, etc.

The nano-scale friction differs from the macro-scale friction
and henceforth objects are almost wearless, adhesional friction
dominates at low loads [11], and friction becomes an intrinsic
property of the particular interface [12]. There has been many
works on nano-tribology of AFM probe tips on different
surfaces [13], [14]. In these studies, AFM tip is contacted
and moved on a surface and frictional forces are measured
by torsional bending of the probe. However, these studies
are limited to specific tip materials, and cannot characterize
different type of motions of objects on substrates such as
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Fig. 1. AFM tip-driven motions of a nano-particle on the moving substrate:
sliding, stick-slip, rolling, sticking, and rotation.

rolling, rotation, etc. Therefore, this paper contributes to the
literature by introducing an autonomous nano-robotic manip-
ulation system for nanometer-sized object frictional parameter
and behavior characterization in any environment and any
mode of motion. Two possible characterization methods are
proposed in the paper: (1) Sliding the micro/nano-object on
the substrate while it is bonded to an AFM probe, (2) Nano-
robotic pushing of the micro/nano-object on the substrate with
the sharp tip of an AFM probe. Quasi-static motion equations
of these methods are derived, and experiments are conducted
for the latter method using a piezoresistive AFM probe as a
1-D force sensor and nano-manipulator. In the experiments,
500 nm radius gold-coated latex particles are pushed on
a silicon substrate, and frictional parameters and behavior
are estimated using the proposed models and experimental
pushing force data.

The paper is organized as follows. In Section 2, the main
concept of the nano-tribological characterization system is
defined with assumptions, and sliding, rolling, and spinning
frictional models are given. In Section 3, two possible methods
are introduced, and the automatic pushing control scheme for
the second method is explained. Section 4 describes the latex
particle pushing experiments and results, and conclusions with
future directions are reported finally.

II. PROBLEM DEFINITION

The aim is to develop methods for measuring the friction
between a micro/nano-object and the substrate while observing
the object motion behavior, e.g. sliding, stick-slip, rolling, and
spinning. As a possible method, the object-substrate motion
scheme in Figure 1 is proposed. Here, the micro/nano-object
is fixed to an AFM probe base or pushed by an AFM probe
tip, and, by moving the substrate with a controlled constant
speed, F), and F), forces are measured in real-time to predict
the object motion behavior and object-substrate frictional
parameters. Here, the following assumptions are made:



IEEE/ASME TRANSACTIONS ON MECHATRONICS, VOL. 8, NO. 3, SEPT. 2003

o Friction is taken to be mainly adhesional without wear
and ploughing effects by assuming low load, smooth and
unreactive surfaces, and high adhesional forces.

o The substrate is moving with a constant speed V' to
neglect the inertial effects of the substrate and the po-
sitioning stage. Also, V' is chosen to be high so that the
stick-slip behavior is not observed.

e Micro/nano-particles with radius R are selected as the
object. However, the same characterization methods can
be directly applied to any micro/nano-object such as car-
bon nano-tubes, nano-wires, nano-crystals, DNA, RNA,
cell, etc. by generalizing the contact mechanics models.

« The AFM probe tip shape is assumed to be spherical with
radius R;. R; is selected to be much smaller than R in
order to have relatively lower tip-particle adhesion than
the particle-substrate interface during their detachment.
Thus, the tip-particle sticking problem after pushing is
minimized.

o The tip and substrate are chosen to be the same material
for simplicity and less uncertainty.

o The substrate is selected as a conductor or semiconductor
material, and it is electrically grounded for preventing the
electrostatic adhesion accumulation due to triboelectrifi-
cation.

« Ambient environmental conditions are assumed with 40—
60% relative humidity and 23 °C' temperature. Therefore,
a water layer could exist on the surface depending on their
hydrophilicity and humidity level which would change
the tribological behavior [15]. However, the same method
is valid for any other environment such as vacuum or
liquid.

o All surfaces are assumed to be not contaminated and
very smooth. Thus, the roughness effect on adhesion and
friction is neglected.

During the AFM probe tip based pushing method, possible
particle motions are sticking, sliding, stick-slip, rotation, and
rolling. Therefore, nano-scale models for the sliding and
rotational friction forces are required. Sliding is the most
general case in AFM based lateral frictional force microscopy
(stick-slip is also observed frequently in atomic scale imaging
and slow speeds [14]). Since the friction is mainly adhesional
with the given assumptions, sliding friction becomes as [21],
[22]

fl = TA
f2 = TA ey

where 7 is the shear stress of the particle and substrate contact
and the tip and particle contact points, and A = ma? and
Ay = wa% are the real contact areas and a and ag are the
real contact radii for the particle-substrate and tip-particle
interfaces respectively. In general, 7 is a function of contact
area and pressure [23] and the first-order approximation is
given by

T=1+c(P+P) )
where P = L/A is the pressure for a given contact area A

and a normal load L, P; is the capillary pressure in the case
of a liquid layer, and c is the proportionality constant. For a
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Fig. 2.  The sliding motion of a nano-particle, which is bonded to the
rectangular AFM probe (front view).

bulk material, 7 is expected to be 7 = G /29 [22] theoretically,
where G is the shear modulus.

Rolling has been addressed in a few nano-related works.
Butt er al. [16] modeled the rolling friction force f, between
two identical micro-particles as

fr = 6mpd 3)

where -, is the particle surface energy and d is the critical
rolling displacement. Note that 0 < d < a is assumed, where
o is the mean distance between neighboring atoms and a is
the contact radius. Another group [17] has reported the rolling
friction moment model based upon Amonton’s law, where the
rolling friction moment M, is given by

M, :MT(L+Fa) (4)

with F}, is the adhesion force, and p,. is the rotational friction
coefficient. However, since the adhesion based friction is
assumed to be dominant, the particle-substrate rolling friction
is modeled as

il =mpA Q)

where 7, is the rotational friction coefficient. For most ma-
terials, f{/’ is much less than f7. If this would be the case at
the nano-scale, then mostly rolling would start before sliding
depending on the applied pushing load.

III. METHODS

For a particle-substrate interface friction characterization,
the following two methods are proposed in this paper:

A. Method 1

Let a nano-particle be attached to the bottom end of a
rectangular AFM probe as shown in Figure 2. The AFM probe
attached with a micro-particle was originally investigated
for measuring the pull-off force against the particle-substrate
adhesion with well-defined geometries [18]. Adapting it to
nano-tribological measurements in this paper, the particle that
is attached to the AFM probe base is contacted and moved
on the substrate laterally in the y-direction with a constant
speed V, and the torsional deflection is measured to compute
the direct particle-substrate friction f;. This method can be
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applied to frictional characterization of micron or 100s of
nanometer size of particles where the object and substrate
geometries are well defined. However, for 10s of nanometer
sizes of particles, attaching a single nano-particle and sliding
control could be very challenging, and this method allows
only the characterization of the sliding and stick-slip frictional
behaviors since the particle is glued to the nano-probe base.

For this method, the normal deflection A( and torsional
twisting Af from the initial positions are measured using an
optical detection system. Since the substrate moves along the
y-axis only, I, = 0 here. Thus,

F.cosa  F,sina
Al = —
C kZ sz
F,
A = SQ—Z
ky
Ewt3
ke = 413
kmz = 2Lskz
3
Guwt3 L?
o6 _ T s
Ry = 3LH2 2 kz
Etw? w2
b _ _
ky - 473 _(?) k. (6)

where k., k., kg, and k:z are the spring constants for bending
due to the normal force, bending due to the lateral force
moment, twisting due to the lateral force, and lateral bending
due to the lateral force, respectively. Also, E = 2(1 + )G,
G,v~0.33,l,w,t L;=1/H, and H are the Young’s mod-
ulus, shear modulus, Poisson’s ratio, length, width, thickness,
structural constant, and tip height of the beam, respectively,
Sy is the sensor coefficient for the twisting measurement, and
« is the beam tilt angle from the base guaranteeing the point
contact of the particle with the substrate.

F, twists the probe but also deflects it laterally. However,
since Fy, is to be measured from A twisting only, kg > kg
condition should be held for possible measurement errors. This
means that following condition should be held for the probe:

wH > It . (N

Then, by keeping k. in a reasonable range, ¢ and [ should be
minimized while w and H (= 2R in this case) are maximized
for this method.

Assuming a quasi-static slow motion of the particle on the
substrate, at each instant:

Thus, by measuring Af, f; is computed. On the other hand,
A( measurement gives normal load F,. F, would deform the
particle with a contact area A = 7a? and indentation depth
0 using the Johnson-Kendall-Roberts (JKR) model [19] such
that

a® = R/K(F. + 3nRAYy + \/6rRAYF, + (3rRAY)?)
§=a%*/R—2/3\/3rAvya/K . )

Here, 1/K = (3/4)[(1-1v2)/E, + (1—v2)/E,] is the
reduced elastic modulus for the particle-substrate system, E),

substrate

Fig. 3. Nano-tribological measurement technique by controlled AFM probe
tip pushing of the micro/nano-object using 2-D force sensing for direct friction
measurement.

and E are the Young moduli, and v, and v, are the Poisson’s
coefficients of the particle and substrate, respectively, R is the
particle radius, and Ay = 7, + 75 — Vps = 2,/7p7s 1201, Vps
s, and 7y, are the particle, substrate, and particle-substrate
interface surface energies, respectively.

Measuring Af and A¢ and computing £, and F., fi, A and
0 are determined. During moving the substrate (or the base of
the beam) with a constant speed V/, sliding or stick-slip motion
is possible. Assuming only sliding would be considered with
a high V, sliding starts if

fr=F =14 (10)

Thus, the static shear strength 7° could be measured from F;
In the kinetic friction region, f; = 7A, and by measuring f;
and F), at this region, 7 could be also predicted.

B. Method 11

A micro/nano-particle can be pushed on the substrate using
a sharp AFM probe tip with a constant speed as in Figure
1. This could be the most general method for any material
with any size and geometry for any mode of motion (sliding,
rolling, rotation, etc.). Depending on the AFM probe deflection
measurement technique, this method can be applied in two
ways.

1) 2-D Force Sensing AFM Probe: In this method, the
particle is pushed in the y-direction as shown in Figure 3,
and F, and F, are measured simultaneously from the A6 and
A( deflection data.

In this case, beam deflection equations are same as Eq.(6).
Quasi-static equilibrium equations are:

fi = F, = Fscosf — fasinf
fo = F.cosf — Fysinf3
F, = F (1)

F, deforms the particle as in Eq. (9). As possible modes of
motion:
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Fig. 4. Nano-tribological measurement technique by controlled AFM probe
tip pushing using 1-D force sensing for indirect measurement.

substrate

o Sticking: If F, = f1 < 7°A and fy < 7° As, the particle
would stick to the substrate and tip.

e Sliding: If F,, = f1 > 7°A and fy < 7% A5, the particle
would slide while stuck to the tip.

« Rolling: It (fi — f2)R > f{ and fo > 754, ie. fo =
TAs, the particle would start to roll while sliding from
the tip. The same equality can be written as

[F.cosf — (14 sinf)F,|R > 14 A . (12)

e Rotation (Spinning): If there is an offset of zy along
the z-axis, a spinning could occur along the z-axis
when F,xg > 74A where 7, is the rotational friction
coefficient.

2) 1-D Force Sensing AFM Probe: Using 1-D optical or
piezoresistive deflection data, only A( is measured as shown
in Figure 4. This kind of simple setup would indirectly
measure the frictional force F, by pushing the particle in the
x-direction.

The normal deflection of the probe is given by

AC = F.cosa — Fysinae  F,sina + Fycosa

kz kxz

Here, A( is the only measured parameter which depends both
on F, and F,. Assuming F), is relatively very small with
respect to F,, by setting 3 ~ 0, and the bending due to F, is
maximized by selecting « tilt angle large and an AFM probe
with a large tip height and short probe length, F, can be
extracted from the deflection data.

2-D force sensing case sticking, sliding, rolling, and rotation
behaviors are the same in this method by just replacing F, =
Fy.

13)

C. Automatic Pushing Scheme

This tribological characterization system is supposed to
operate automatically for future industrial applications. The
aim is to scatter the micro/nano-objects to be characterized
on a substrate in a semi-fixed way, and then automatically (or
by a user-defined interface) find a single object, and push and
record the pushing force data. The data is then analyzed using

the given models. The basic pushing control steps [21] for a
micro/nano-object is as follows:

1) Scan the substrate with semi-fixed micro/nano-objects
on it, and get the 3-D tapping mode AFM image.

2) Detect a separate single micro/nano-object with an ex-
pected geometry and size using an unsupervised cluster-
ing object segmentation algorithm proposed in [24].

3) Position the nano-probe with a pre-determined XYZ
distance to the single micro/nano-object.

4) Get a small window AFM tapping mode scan over the
micro/nano-object again to correct any positional error.

5) Automatically detect the peak height along the window,
and compute the pushing line passing through the object
center.

6) Move the XYZ positioner along the pushing-line in 1-D
with constant height and speed V, push the object for a
defined distance, and record the pushing force data.

IV. EXPERIMENTS

Using a custom-made AFM system [25] with a piezoresis-
tive AFM nano-probe (ThermoMicroscopes Inc., non-contact
piezolever), gold-coated latex particles (JEOL Inc.) are pushed
on a silicon substrate using Method II with 1-D force sensing
approach and automatic pushing control with a user interface
[4]. Experiments are realized in laboratory environment with
23 °C temperature and 50 — 60% relative humidity. Gold-
coated latex particles with 500 mm radii are pushed with
the probe automatically, and their top-view high-resolution
(x5000 magnification and 90 nm/pizel) optical microscope
(Olympus Inc.) images are used for calculating their positions
before and after the pushing operation. A closed-loop piezo-
electric XYZ positioner with 15-20 nm accuracy enables the
constant speed and height trajectory along the pushing line.
The speed of the stage is set to 1.6 wm/s for all experiments.
Cantilever deflection is measured through a Wheatstone bridge
which gives the voltage difference due to the resistance change
of the cantilever by the applied tip forces. Calibrating the
normal bending sensitivity of the probe S, as 34.4 nm/V
using a hard silicon surface, A is computed at each instant.

Piezoresistive nano-probe parameters are given as: the tip
radius of R; ~ 30 nm, the length of | = 155 pwm, the width
of w = 50 um, the thickness of ¢ = 3 pm, the tip height
of H =3 um, Ly = I/H = 51.7, normal bending stiffness
of k., = 8 N/m, and the measured resonant frequency of
135.3 K Hz. Using these parameter values, k,, = 276 N/m,
kS = 11225 N/m, and k! = 2222 N/m are computed.
Moreover, o = 15° and 8 = 0° are taken. Measured A(
corresponds to

A¢=0.12F, — 0.036F, . (14)

For calculating the contact area, Ay = 0.248 J/ m?2 is
computed for SiOs substrate (few nanometers thick natural
St04 layer exists on silicon substrate in ambient conditions)
and the gold layer of the particle with a possible water layer in
between. Here, vsi0, = 160 m.J/m? [26], ya, = 1.5 J/m?
and vi,0 = 73 m.J/m? are taken. Since 8 ~ 0°, F, = f and
Aj is the tip-particle contact area due to the contact load F.
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For no contact load case (F, = 0), A =~ 1.5x 1076 m?2 using
Eq. (9) with E, = 3.8 GPa, Esi0, = 73 GPa, v, = 0.4,
vsio, = 0.17, and R = 500 nm. On the other hand, the
particle-substrate contact area A is determined by F,, and
A = 109 x 1076 m? for F, = 0. Then, from Eq. (14),
F, ~ —30A(. Using S, A( voltage data is transformed to

nN frictional forces by
f1=-1032A¢(V) nN . (15)

During the pushing experiments, the following modes of
motion are observed:
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Fig. 5. [Initially rolling and then sliding behaviors for a 1 pm gold-coated

latex particle pushing case where the particle is pushed around 4 pm: Inner
images are the before (upper image) and after (lower image) the pushing
operation top-view optical microscope images, and the arrow indicates the
pushed particle (deflection (V) X 1032 = nanoforce (nN) in the y-axis).

o Sliding: In Figure 5, it can be seen that the particle is
pushed on the substrate for around 4 pm distance. At
first, the particle starts to roll, and after some distance
it started to slide with a large peak. The large peak
corresponds to the static sliding friction, and after this
peak, kinetic friction is observed with a smaller friction.
From the peak, around 4.04 V is measured. Using Eq.
(15), ff = 4.17 puN is computed. Since F, ~ 0,
A ~ 109 x 10716 m? gives the static shear strength as
7% = 382 MPa. In the kinetic friction region, f; =
2.58 uN, 7 = 237 M Pa is held. Using the theoretical
shear modulus and Poisson’s ratio values for the SiOq
and gold interfaces, 7 =~ G /29 ~ 311 M Pa is computed
using G = [(2 = vau)/Gau + (2 — Vsi0,)/Gsio,] * =
9 GPa for Ggio, = 314 GPa, Ga, = 30 GPa,
and vy4,, = 0.42. For a thick water layer case between
the particle and substrate, 7 = 144 M Pa [27]. Thus,
measured shear strength values are close to the theoretical
values.

e Rolling: Rolling behavior could be observed in Figure 5,
6, and 7 by the periodic oscillation behavior in the force
deflection data. After an initial static frictional phase,
cantilever deflects almost with a periodic motion of 500
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Fig. 6. Rolling case where the particle is pushed around 1 pm as shown

in two high-resolution optical microscope images (before and after pushing
images).
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Fig. 7. Rolling case where the particle is pushed around 3pum.

nm intervals which is the radius of the particle. In this
region, A = 0.7 V is approximated in average, and
this corresponds to f{p = 722 nN frictional force. Using
A =109 x 10716 m2, 7, = f¥YR/A = 33 N/m rolling
friction coefficient is predicted.

e Rotation: Rotation of the particle occurred when there is
a significant xo offset during pushing. In Figure 8, optical
microscope image shows a 90° particle rotation around
the z-axis taking the small black dot attached on the
particle as the reference. From the deflection data, after
the second peak, the tip loses contact with the particle
after around 500 nm displacement. The rotational friction
is predicted from the second peak as f; = 155 nN
which gives 74 = fizo/A ~ 4 N/m rotational friction
coefficient with xg ~ 300 nm.



IEEE/ASME TRANSACTIONS ON MECHATRONICS, VOL. 8, NO. 3, SEPT. 2003

0.1} 4
-02f P \ ]
s
: -
§-09 -
3
§ 04} _! 4
Qo I
| - |
06+ y 4
07 . s : ' . : . . .
10 12 14 16 18 20 22 24 26 28 30
X Pasition {micrometer)
Fig. 8. Rotation case where the particle is rotated around 90° around the

vertical z-axis (a small black dot on the pushed particle in the inner optical
microscope images and no positional change of the particle are the proofs to
show the approximate 90° spinning behavior).

V. CONCLUSION

In this paper, using a piezoresistive AFM nano-probe as a
nano-manipulator, novel techniques for tribological character-
ization of nano-scale object-substrate interfaces are proposed.
By pushing micro/nano-objects or attaching them on the nano-
probe, frictional forces can be directly or indirectly estimated,
and sliding, spinning, or rolling frictional parameters can
be estimated in any environment. Gold-coated latex particles
with 500 nm radius are pushed on a silicon substrate in the
experiments. Preliminary results show that pushing operation
can result in sliding, rolling, or rotation behavior depending
on the particle-substrate frictional properties, and sliding and
rolling frictional coefficients are predicted for gold-silicon
interfaces. From the pushing data of the 500 nm radius gold-
coated latex particles on a silicon substrate with a natural
silicon oxide layer, static, kinetic, rolling, and spinning shear
stresses are estimated as 382 M Pa, 237 M Pa, 33 N/m, and
4 N/m, respectively. Thus, if there is an offset z¢ from the
pushing direction and particle center, the particle would start
to spin firstly, and the tip and particle would lose contact after
a very short time. In order to prevent this, zg = 0 should
be precisely controlled. Besides of spinning, rolling or sliding
starts first depending on the particle radius, 7°, and 7. For
measured 7° and 7, values, if the particle radius is smaller
than around 86 nm (R < 7u/7° assuming fo ~ 0), the
particle would start to slide first and then roll. However, since
R = 500 nm in the experiments, particles first started to roll
and then slide. On the other hand, sliding and rolling could
be observed simultaneously if the friction is higher than the
static sliding and rolling frictions.

These methods could be directly applied for other nano-
materials, e.g. carbon nano-tubes, nano-crystals, DNA, nano-
wires, etc., for their frictional characterization on various
substrates with different pushing speeds and environmental
conditions. However, modeling of the contact and pushing me-

chanics for these various geometries is needed to be improved.
Moreover, using an optical detection system, torsional twisting
would be measured, and Method I and II with 2-D force sens-
ing techniques would be also implemented. Future experiments
would be also conducted in a vacuum chamber to measure
the dry frictional properties at the nano-scale. Besides of
characterization applications, these measurements would open
new controlled means of understanding nano-scale friction by
observing the effects of lattice mismatch between the nano-
scale object and substrate, surface roughness, temperature,
speed, humidity, contact mechanics, chemical interactions, etc.
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