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We have developed an atomic force microscopy �AFM� technique that can perform simultaneous
normal and shear stiffness measurements of nanoconfined liquids with angstrom-range amplitudes.
The AFM technique is based on a fiber-interferometric, small-amplitude, off-resonance AFM. This
AFM is capable of providing linear quasistatic measurements of the local mechanical properties of
confined liquid layers while only minimally disturbing the layers themselves. A detailed analysis of
the measurement geometry reveals that shear stiffness measurements are extremely challenging, as
even small deviations from perfect orthogonality can lead to data that is very difficult to interpret.
We will show ways out of this dilemma and present results that show simultaneous measurement of
the shear and normal stiffness of confined liquid layers. © 2008 American Institute of Physics.
�DOI: 10.1063/1.2839913�

I. INTRODUCTION

When a liquid is confined by solid surfaces to spaces of
molecular dimensions, its properties differ significantly from
those of the liquid in the bulk. In particular, a simple inert
liquid with spherical molecules orders itself in layers parallel
to the surface of the confining substrates. This structure and
its dynamics has been of increasing interest primarily aimed
at understanding interfacial phenomena from cell membranes
to nanotribology.1 Geometrically induced layering has been
observed by a variety of instruments and experimental tech-
niques such as surface force apparatus,2,3 atomic force
microscopy,4 and new spectroscopic techniques5 including
fluorescence correlation spectroscopy.6,7

From molecular packing arguments, we would expect
that whenever the distance between the confining surfaces is
an integer number of the respective molecular size, the lay-
ering of the molecules is in a high density state. At other
separations, molecular packing is disrupted and the liquid
assumes a low density state. However, within the confining
gap, the density is not uniform and the above statements hold
true only for the average density across the gap.8 There may
also be significant fluctuations in the density of the confined
liquid, complicating the simple quasistatic geometric model
of the confined liquids.5 Moreover, there is a long-standing
debate on the dynamics of these systems between those
claiming crystallization, glass formation, or no transition
upon confinement.9,10 Yet, another recent report11 shows that
a confined liquid can behave like a a Newtonian liquid with
little change in its dynamics or a pseudosolid, depending on
the rate of approach of the confining surfaces. Clearly, the
behavior of liquids confined at molecular scales is rather
complex and there is, hence, a great need for developing new

AFM-based techniques to further improve understanding in
this area. In particular, the question if the liquid behaves as a
solid or liquid is more clearly resolvable, if the shear stiff-
ness of the liquid is measured, rather than the stiffness in the
normal direction. The normal stiffness is more influenced by
the substrate and squeeze-out dynamics. Moreover, it is of
interest how the observed normal and lateral stiffnesses are
related, especially in light of the recent discovery of kineti-
cally induced changes in the nanomechanics of the confined
liquid.11 Other areas where such simultaneous measurements
of mechanical properties in two independent directions are
important include polymer films, lipid bilayers and cell
membranes, dimerization of membrane proteins, or layered
solid materials.

In this paper, the development of a new AFM technique
for simultaneous normal and shear stiffness measurements in
the linear regime is presented. The unique aspect of the pre-
sented work is that we are measuring the shear stiffness in
the small-amplitude regime, i.e., prior to slip. This allows us
to probe the equilibrium mechanical state of the liquid and
the transition to any nonequilibrium states induced by
squeezing or sliding.11 Here, “small amplitudes” refer to free
lateral and normal amplitudes that are less than one molecu-
lar diameter. Such measurements require high sensitivity, as
well as special precautions and a thorough analysis of the
measurement conditions. We will discuss experimental con-
straints and provide guidance to design experiments that pro-
vide optimal separation of shear and normal stiffness mea-
surements in the small-amplitude regime. Measurements of
confined tetrakis �2-ethylhexoxy� silane �TEHOS� and oc-
tamethylcyclotetrasiloxane �OMCTS� layers were performed
with a homebuilt �sub-� angstrom amplitude, off-resonance
AFM using a fiber-based interferometric sensor.12,13 We de-
scribe the measurement technique in detail and discuss the
results in terms of instrument performance.a�Electronic mail: hoffmann@wayne.edu.
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II. NORMAL AND SHEAR INTERACTION STIFFNESS:
THEORETICAL OUTLINE

A. Measurement of the normal sample stiffness

Small-amplitude, off-resonance AFM is a dynamic tech-
nique in which the cantilever is vibrated below its resonance
at a free amplitude in the angstrom range and its distance-
dependent amplitude and phase are measured. Ideally, such
amplitudes are small enough so that the total force between
tip and sample is linear over the trajectory of the tip.14 In this
case, the amplitude and phase of the cantilever motion can be
directly related to the local interaction stiffness in the normal
�vertical� direction, kn, and energy dissipation or damping
coefficient C. It has been shown14,15 that the use of small
amplitudes allows linear measurements of any force field as
long as amplitudes are sufficiently small and allows solving
the equation of motion in a simple, closed form. Hence, the
normal interaction stiffness and damping coefficient can be
mapped point by point with this technique. Moreover, the use
of small amplitudes allows for a minimally perturbative
measurement of local mechanical properties and thus other
dynamics effects, such as the influence of squeeze rate, can
be measured without disturbance from the oscillating
cantilever.11

In our measurements, we measure the amplitude and
phase �between the piezodrive and the cantilever end� at an
oscillation frequency far below the first resonance of the can-
tilever, typically in the 100–1000 Hz range. For the normal
oscillations of the cantilever, using the small-amplitude ap-
proximation in the equation of motion of the cantilever, we
then find

kn = kL�An0

An
cos � − 1� �1�

and

C = −
kLAn0

An�
sin � . �2�

Here, An0 is the free normal amplitude, An is the measured
amplitude as the surface is approached, � is the measured
phase of the cantilever, and � its drive frequency. If the AFM
is operated far below the resonance, the phase angle is close
to zero and Eq. �1� becomes

kn = kL�An0

An
− 1� . �3�

The above result can also be obtained if, close to the surface,
the cantilever and normal interaction stiffness are considered
as two springs in series and in equilibrium, subject to the
same force,

F = knAn = kL�An0 − An� . �4�

This assumption is justified in the subresonance regime,
when the measurement becomes quasistatic.

B. Shear measurements and influence of angular
misalignment

In the previous discussion, we calculated the motion of
the cantilever assuming that the orientation and motion of the

cantilever is perfectly aligned with the sample surface. How-
ever, in a real experiment, it is not always possible to per-
fectly align the system. Instead, there will always be small
misalignment angles. Since our goal is to neatly separate
normal and lateral stiffness values in a simultaneous mea-
surement, a careful analysis of the effect of the angular mis-
alignment is needed. It turns out that for measurements in the
normal direction, the above derived expressions hold to a
good degree of accuracy. However, the story is quite differ-
ent for measurements of the shear stiffness of the liquid.

In the following, we will develop a general theory of
cantilever motion, while restricting ourselves to the follow-
ing assumptions: �1� the cantilever is oscillated at very small
amplitudes �0.1–2 nm�. This implies that over the oscillation
period, the normal and lateral stiffness of the liquid are con-
stant. Furthermore, in this regime, tip translations and rota-
tions �torsion� can be separately treated, as any cross terms
would be second order in the already very small amplitudes.
�2� The AFM will be operated well below its first resonance.
This implies that inertial and damping terms can be for the
most part neglected �or at least will not overly influence our
conclusions�. As we will see, even with these simplifying
assumptions, the full analysis of the cantilever motion in the
linear, quasistatic regime presented here is challenging. �3�
As the cantilever is oscillated and measured at the frequency
of oscillation, we are only interested in changes of the lever
position and bending, not in any static deformations.

Figure 1 shows a schematic of the angles we need to
consider in this problem, assuming that it is sufficient to
consider angles in the plane of the shear motion only. Since
in our case we are using a fiber-interferometric system, all
the angles are referenced to the orientation of the fiber end
�dashed line� or the substrate surface. Angle � is the angle
between the fiber end and the direction of motion of the
cantilever end �solid double arrow�, while � is the angle be-
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substrate

FIG. 1. Schematic showing relevant angles associated with the translational
motion of the cantilever during measurement. Angles are referenced either
to the fiber end or the substrate surface. � is the angle between the fiber end
and the direction of translational motion of the cantilever, while � is the
angle between the motion of the cantilever and the substrate surface. � is the
angle between the fiber end and the substrate surface and � is the angle
between the fiber end and the cantilever surface. � is the angle between the
cantilever surface and the substrate surface. The double arrows denote the
direction of the oscillatory translational motion of the cantilever.
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tween the cantilever surface �assumed to be perpendicular to
the tip� and the fiber end. Note that � and � do not have to be
identical. While the former is mostly determined by the pi-
ezomotion, the latter is mostly determined by how the canti-
lever is mounted on the holder. Moreover, both angles can
change when the tip interacts with the surrounding liquid and
the substrate. The angle between the fiber end and the sur-
face is denoted by � and is the only angle in this problem
that is assumed to not depend on the tip-surface interaction
and is therefore fixed. The angle between the substrate sur-
face and the direction of motion of the cantilever is given by
�=�−� and the angle between the cantilever surface and the
substrate surface is �=�−�. We can now analyze the motion
of the cantilever and the resulting interferometric measure-
ment of that motion as a function of these angles.

By separating the translational and rotational motions
�torsion or twist� of the tip, we can initially restrict our con-
siderations to the translational motion only. However, we
need to keep in mind that some of the force will be taken up
by the cantilever torsion. The torsional motion is due to a
torque applied along the length of the tip and is therefore
perpendicular to the tip. Let us assume that the cantilever
base is moved sideways �perpendicular to the tip� by some
distance A0l by a shear piezo. Part of this motion will move
the tip sideways by a distance Al. If there is a finite lateral
sample stiffness kl, some of the lateral motion will be accom-
modated by the cantilever through sideways bending �Ab�
and torsion �At�, as shown in Fig. 2. Thus, the total lateral
motion is given by

A0l = Al + At + Ab. �5�

Since the corresponding spring constants are in series, the
force in each spring will be the same,

F = klAl = ktAt = kbAb. �6�

Solving these equations for the translational motion of the
tip, Al, we find

Al =
A0l

1 + kl/kbt
, �7�

where kbt=kbkt /kb+kt is an effective lateral stiffness of the
cantilever. We can also use these equations to determine the

shear stiffness of the sample, kl, assuming we can measure
A0l and At,

kl =
Atktkb

A0lkb − At�kb + kt�
. �8�

In order to consider the translational motion of the lever
subject to the lateral and normal stiffness of the lever, we
will use a coordinate system that is oriented with the x and z
along the substrate surface and the y perpendicular to it.
Then, if A0 is the applied cantilever amplitude and �0 is the
initial angle between this amplitude and the substrate sur-
face, the vertical �normal� and lateral �shear� components of
the piezomotion �motion of the cantilever base� are

An0 = A0 sin �0, �9a�

Al0 = A0 cos �0. �9b�

Similar equations apply to the motion of the tip where A0 is
replaced by A and �0 is replaced by �.

From Eq. �4�, we recall that in the quasistatic, linear
regime, the amplitude of the cantilever can be obtained from
a force balance. We will derive an analogous equation for the
general case, where the tip is oriented in some arbitrary ori-
entation with respect to the sample and is oscillated in some
direction that is not necessarily in line with either the canti-
lever or the sample. The corresponding angles are shown in
Fig. 1. In this case, the forces and amplitudes will be vectors
and correspondingly, the stiffnesses have to be represented
by tensors, analogous to a stress-strain relationship in an an-
isotropic material.

For the tip-sample interaction, there are two relevant
stiffnesses: kl and kn. These can be regarded as springs acting
in the orthogonal x and y directions, respectively. The canti-
lever can also be represented by two orthogonal stiffnesses,
kL and kbt. However, these are acting in directions which are
rotated by an angle � with respect to the substrate. Thus, the
master equation describing the force balance �and the ampli-
tudes in the quasistatic, linear regime� should be written as

Ktsa = RKLRT�a0 − a� . �10�

Here, a= �Al ,An ,0�T is the vector describing the tip motion,
while a0= �Al0 ,An0 ,0�T is the vector describing the motion of
the cantilever base, i.e., the motion imposed on the cantilever
by the drive piezo�s�. Kts is the elastic tensor of the tip-
surface interaction, given by

Kts = �kl 0 0

0 kn 0

0 0 kl
� . �11�

KL is the elastic tensor of the cantilever, given by

KL = �kL 0 0

0 kbt 0

0 0 kc
� . �12�

Here, kc�kL ,kbt is included for completeness, but it will not
play a role in the calculations, because the translation of the
tip is restricted to the x-y plane. As noted above, the canti-
lever and tip are rotated with respect to the substrate-
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FIG. 2. Schematic showing the response of the cantilever to a pure shear
motion. The lateral motion of the base A0l is accommodated by lateral bend-
ing and torsion of the cantilever �Ab and At, respectively�, and lateral defor-
mation of the tip-surface contact �Al�.
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centered coordinate system. This is represented by the rota-
tion matrix R, which is given by

R = �cos � − sin � 0

sin � cos � 0

0 0 1
� . �13�

Multiplying out all the terms in Eq. �10� leads to the follow-
ing full equations, describing the force balance in the x-y
plane:

klAl = kL	− sin ��sin ��A0l − Al� + cos ��A0n − An��


+ kbt	cos ��cos ��A0l − Al� + sin ��A0n − An��
 ,

�14a�

knAn = kL	cos ��sin ��A0l − Al� + cos ��A0n − An��


+ kbt	sin ��cos ��A0l − Al� + sin ��A0n − An��
 .

�14b�

Although these equations can be, in principle, solved for Al

and An, it is easier to consider some special cases. If the tip is
perfectly aligned with the surface, �=0, and we obtain

klAl = kbt�A0l − Al� , �15a�

knAn = kL�A0n − An� . �15b�

This recovers Eqs. �7� and �4�, and the two directions are
perfectly separated. In reality, however, it is very difficult to
ensure that the angle � is equal to zero. Thus, we have to
consider the possibility that there is a small misalignment
��0, but with �	1. In this case, we will only consider
terms that are first order in � and use cos ��1 and
sin ���. In this limit, we find after solving for Al and An,

Al =
A0l

1 + kl/kbt
+ �

kbt − kL

�kl + kbt��kn + kL�
knA0n, �16a�

An =
A0n

1 + kn/kL
+ �

kbt + kL

�kl + kbt��kn + kL�
klA0l. �16b�

The first term on the right-hand side of each equation repre-
sents the well-separated contribution, while the second term
describes the undesired cross-talk contribution. Although the
cross-talk terms are scaled by �, they can be significant, de-
pending in the values of the elastic constants. The total am-
plitude of the tip is given by A=�Al

2+An
2 and the angle of the

tip motion with respect to the substrate is given by tan �
=An /Al. Note that this angle is not necessarily the same as
�0, which is the angle imposed by the piezodrive.

The discussion so far is valid for any AFM, independent
of the mechanism of deflection measurement. In our case, the
motion of the cantilever is measured by a single optical fiber
interferometer, located at some off-axis position on top of the
cantilever, as shown in Fig. 3. To calculate what the fiber
measures, we now need to take the angles � and � into
account. The fiber will measure any amplitude that is perpen-
dicular to the fiber end �i.e., moving toward or away from the
fiber� but not detect any amplitude parallel to the fiber. If A is

the amplitude at which the cantilever end moves by transla-
tion �i.e., with �=const.�, we find that the fiber detects an
amplitude Am, given by

Am = A�sin � − cos � tan �� . �17�

We immediately notice is that if �=�, Am=0. In this case, the
motion of the cantilever end is parallel to the cantilever sur-
face and therefore the cantilever surface moves such that the
distance of the surface to the fiber end is unchanged. In this
situation, the fiber will not measure any translational motion
of the tip. To align the cantilever motion in this way initially
�far from the surface� is desirable, as this minimizes cross-
talk between the lateral and normal motions of the cantilever
and maximizes sensitivity to the torsional motion of the can-
tilever. Such an alignment can be achieved by a using two
perpendicular piezos, connected through a compensation cir-
cuit as described below.

So far, we have only considered translational motions of
the cantilever and tip. Now, we will add the torsional motion
of the cantilever, which leads to a rotation of the cantilever
end and the tip. As we are only interested in a change of the
tilt angle, the relevant force is given by the left-hand side of
Eq. �10�. This force F= �klAl ,knAn ,0�T acts on the tip end and
causes a torque �. Again, we consider the mechanical equi-
librium situation �something we can do in the quasistatic
regime under discussion here�. We find

� = h 
 F = k�� . �18�

Here, �� tan ��At /h is the small twist angle due to the
applied torque. k�=h2kt is the angular torsional stiffness of
the lever, and h is a vector representing the tip with length h
and pointing in the direction of the tip:

h = �h sin �,− h cos �,0�T. �19�

Note that �=�0+�, where �0 is the initial tilt angle of the
lever before twisting. Substituting for � and using that fact
that � is small, we can solve for �:

� =
knAn sin �0 + klAl cos �0

klAl sin �0 − knAn + kth
. �20�

In the case of perfect alignment ��=�=0�, we obtain
�=klAl /kth=At /h as before �compare Eq. �6��.

This calculation of the lever torsion is also quite general
and independent of the measurement sensor. The lateral sec-
tions of the sectioned photodiode in a laser deflection AFM
are sensitive to the tilt angle only and not to the translational

Shear frequency

Normal
frequency

Position of
measurement

FIG. 3. Simultaneous normal and torsional amplitude measurements are
performed with a single fiber positioned close to the edge of the cantilever.
Both the vertical and torsional motions of the tip result in a vertical dis-
placement at the point of measurement separated in the frequency domain.
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motion of the cantilever. This can be an advantage compared
to our fiber-interferometric system, which is sensitive to both
the translational and torsional motions of the cantilever.
However, even the torsional motion is prone to cross-talk as
Eq. �20� shows.

Now, we will determine what the fiber measures due to
the torsional motion of the lever. To be complete, we include
a possible initial tilt angle � of the fiber with respect to the
cantilever surface. We find by inspection of Fig. 4:

Atm = �w/2 − d

cos �
�� = �w/2 − d

h cos �
�At. �21�

The dimensions w and d are indicated in Fig. 4, and corre-
spond to the full width of the cantilever and the location of
the laser spot, respectively. Please note that, in Fig. 4, angles
are greatly exaggerated for clarity and that it is safe to as-
sume that the laser spot will not move when the cantilever
tilts.

Now, we can write down an expression for the total sig-
nal measured by the fiber interferometer:

Am,tot = Am + Atm . �22�

It should be noted that Am and Atm can be positive or nega-
tive and thus can either add or subtract to produce the total
measured signal.

Figure 5 shows examples calculated for a theoretical
normal and lateral stiffness profile, based on the above equa-
tions. It shows that at high torsional lever stiffness and even
slight misalignment angles, severe artifacts can arise in the
measurement of the lateral stiffness of the sample. In Fig. 5,
the curve with a thick line corresponds to the actual �theo-
retical� shear stiffness of the liquid, while the other curves
are the results of simulated measurements under various con-
ditions. At any torsional stiffness, a measurement at perfect
alignment will provide perfect measurement fidelity. How-

ever, when a cantilever of high torsional stiffness is used �for
example, we used kt=93 N /m, for a typical commercial le-
ver in this calculation�, even small misalignment angles can
cause severe measurement artifacts. Curve 1 �upper curve,
dashed� shows a measurement with a lever misaligned by
only �=−0.5° to the substrate and a motion misaligned by
�−�=0.25° with the cantilever. It shows a large offset and
increase of the peak heights, but does at least represent
qualitatively the peak positions of the actual shear stiffness
of the liquid. A misalignment corresponding to �=−1 and
�−�=−0.3 gives the measurement shown in the dash-dotted
curve �curve 2�. This curve is significantly distorted, showing
an initial decrease of the stiffness, followed by an increase. It
also shows peaks that are offset from the actual stiffness of
the liquid, as well as additional half-period peaks. It does,
therefore, not even qualitatively resemble the actual stiffness.
Finally, we included examples of simulated measurements
with the same misalignment, but with a lever that has a tor-
sional stiffness of only 2.3 N /m. In this case, the measure-
ments are very close to the actual stiffness, and the effect of
misalignment is greatly reduced. Thus, levers with low tor-
sional stiffnesses are highly desirable.

III. EXPERIMENTAL PROCEDURE

The measurement of changes of much less than 1 Å in
the cantilever amplitude requires a deflection sensor with
very high sensitivity. Our homebuilt AFM includes a fiber-
optic interferometric sensor that was presented in detail in
Ref. 13 and was ultimately based on the design of Rugar
et al.16 The alignment of the fiber perpendicular to the can-
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FIG. 4. Schematic showing relevant angles associated with the torsional
motion of the cantilever. The torsional angle is �, which leads to a change of
the lever angle �. w is the width of the cantilever and d is the position of
fiber along the lever. At is the laterally measured torsional amplitude, which
translates into a measured vertical amplitude Atm. Note that the angles in this
schematic are greatly exaggerated for clarity. In an experiment, the position
of the fiber will remain essentially unchanged as typical torsional angles are
in the �10 rad range.
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FIG. 5. Simulated shear measurements. The actual �theoretical� shear stiff-
ness is indicated by the thick line. Curve 1 �dashed, top� shows the results of
a measurement with a commercial cantilever �kt=93 N /m� and a misalign-
ment �=−0.5° and incomplete compensation �−�=0.25°. Curve 2 �dash
dot, second from top� corresponds to �=−1° and �−�=−0.3°. Curve 3
corresponds to a measurement with �=�−�=0 and completely overlays the
theoretical curve. This is the case of perfect alignment. Curves 4 and 5
�thinner line curves that are very close to theoretical curve� correspond to
misaligned measurements using a lever with a highly reduced torsional stiff-
ness of kt=2.3 N /m. It can be seen that while there is some deviation from
the theoretical curve, the effect of misalignment is in this case greatly
reduced.
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tilever is carried out with submicron precision to achieve an
enhanced sensitivity based on multiple reflections between
the cantilever and the end of the fiber.12

Simultaneous normal and torsional cantilever amplitude
measurements can be performed with a single fiber by posi-
tioning it close to an edge of the cantilever and oscillating
the cantilever vertically and laterally at different frequencies,
as sketched in Fig. 3. The vertical vibration of the cantilever
generates a vertical tip motion and, hence, a vertical dis-
placement at the point of measurement detected by a lock-in
amplifier as the normal amplitude. Any change in this ampli-
tude is due to the presence of a normal force gradient be-
tween the tip and the sample. On the other hand, as shown
above, a lateral vibration of the cantilever generates no ver-
tical displacement at the point of measurement unless the
cantilever twists in the presence of a lateral force or there is
a misalignment with respect to the fiber. The vertical dis-
placement at the frequency of the lateral motion is detected
by a second lock-in amplifier. As both the vertical and lateral
motions of the tip result in a vertical displacement at the
point of measurement, the two components can be measured
with a single fiber provided they are well separated in the
frequency domain.

A. Normal and lateral vibration cross-talk
compensation

As discussed in detail above, a pure lateral vibration of
the cantilever generates no vertical displacement at the point
of measurement in the absence of twist or torsion induced by
a lateral force field. Any residual amplitude detected at shear
frequency when the cantilever is far away from the sample is
an indication of cross-talk between the normal and lateral
vibration modes of the cantilever. This cross-talk is due to
the cantilever tilt angle and any residual normal vibration
�expansion and contraction� of the shear piezoactuator at
shear frequency. In principle, there could also be cross-talk
arising from inertial effects in the surrounding liquid. How-
ever, at the small amplitudes and frequencies used in our
techniques, the liquid loading can be assumed to be quasi-
static and unsteady fluid inertial effects can be neglected.17

In order to compensate some of these effects, a part of
the shear signal can be fed to the dither �normal� piezo and
its amplitude can be adjusted until the measured amplitude at
the frequency of the lateral motion is nulled far from the
surface �Fig. 6�. The adjustment of the shear signal ampli-
tude fed to the dither piezo is achieved with a variable resis-
tor while its mixing with the normal signal is performed by a
summing operational amplifier. The compensator electronic
circuit is shown in Fig. 7.

However, the compensator circuit will only align the lat-
eral cantilever motion with the surface of the cantilever far
from the surface ��0−�0=0� and does not align the cantile-
ver and its motion with the substrate. We therefore need to
find ways to measure and adjust the alignment of the tip
motion with the surface. This can be achieved by performing
a surface scan.18 This works well in larger amplitude mea-
surements �friction measurements�, where the lateral motion
is provided by the sample scanner. However, in the cases
where the lateral motion is provided by a shear piezo with

limited travel, we have to resort to other means, such as
measuring the alignment of the cantilever chip with the
sample using a charge coupled device �CCD� camera. In our
case, we were able to do this with a measured accuracy of
about 0.5°.

B. Cantilever stiffness calibration

In the case of a uniform rectangular beam of elastic
modulus E, width w, thickness t, and length L, the normal
bending stiffness is

kL =
Ewt3

4L3 , �23�

while its resonance frequency is

f =
1

2�

t

L2��4

12

E

�
, �24�

where � is the density and � is a numerical constant referring
to the first mode of vibration of the beam.19,20 The above
equations can be combined to eliminate an unknown vari-
able, depending on the preference. If, for instance, Young’s
modulus is eliminated, the normal stiffness becomes

kL =
12

�4 �2f2wtL� . �25�

Similarly, the lateral bending stiffness of the cantilever can
be expressed as

Shear
Lock-in

A & φ

A & φ

Compensator

Output signal

PD

Optical fiber

Photodiode
f1

f2

f1+xf2

Normal
Lock-in

shear
dither

FIG. 6. Schematic of electronic setup for simultaneous normal and shear
measurements. A shear oscillation is applied via the shear piezo to the base
of the cantilever. A part of this signal is mixed with the normal signal and
fed to the dither piezo for cross-talk compensation. The resulting deflection
signal, measured by a high-sensitivity fiber interferometer, is split and ana-
lyzed by two lock-in amplifiers at the normal and shear frequency compo-
nents, yielding measurements of normal and shear amplitudes, respectively.

_

+ N
S

VS

VN

4.6K
0-11K

2.2K

2.2K

CA3140E

FIG. 7. Compensator electronic circuit. The adjustment of the shear signal
amplitude, that is mixed with the normal amplitude signal and fed to the
dither piezo, is achieved by a variable resistor. The two signals are mixed by
a summing operational amplifier.
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kb =
Ew3t

4L3 , �26�

while the beam torsional bending stiffness can be written in
the form

kt = �
Gwt3

h2L
, �27�

where G=E /2�1+�� is the beam shear modulus, � is the
Poisson ratio, h is the tip length, and � is a constant that can
be calculated from a convergent series depending on the
�w / t� ratio.21–23 The lateral bending and torsional stiffness
expressions can be rearranged in terms of the normal bend-
ing stiffness of the beam as

kb = �w

t
�2

kL �28�

and

kt =
2�

1 + �
� L

ht
�2

kL. �29�

A regular cantilever can generate a torsional signal just
above the thermal noise limit, as calculated for our instru-
ment in Ref. 13. In order to enhance the torsional signal
sensitivity, the cantilever can be modified to have a lower
lateral bending and torsional stiffness. Figure 8 shows a
scanning electron microscopy �SEM� image of such a canti-
lever we obtained by micromachining a commercial
cantilever24 by using a focused ion beam �FIB� system. Even
more elaborate structures can be used to mechanically fully
decouple normal and lateral motions.25

The stiffness values for a modified cantilever can be cal-
culated from beam theory by superposition of the deflections
of each section. This is done by calculating the deflection d
due to a unit load P and then determine the needed stiffness
from k= P /d. For the normal and bending stiffnesses, we
need to realize that the angle achieved at the end of each
section due to its bending leads to an additional deflection
along the length of the next section, in addition to that sec-
tion’s own bending. We also need to take into account the
moment generated by the load at the end of the tip along the

remaining length of the tip, measured from the end of each
section.

It can be worked out that for a rectangular beam, with N
sections of lengths li, widths wi, and thicknesses ti, the total
bending deflection at the beam end is given by

dtot = �
i=1

N

di + �
i=2

N

li��
j=1

i−1

� j� . �30�

Here, di are the individual bending deflections of each sec-
tion i, while � j are the additional angles generated at each
end of a section by its bending deflection.

The correct equation for the bending deflection of each
section is given by

di =
Pli

3

3EIi
+

�Pxi�li
2

2EIi
. �31�

Please note that two terms are needed, one for the load ap-
plied at the section end by the next section and one for the
moment applied along the remaining lever length. Here, xi is
the length over which the moment Fxi is applied, i.e., the
remaining length along the cantilever measured from the end
of the respective section. It is given by

xi = � �
j=i+1

N

lj if i � N

0 if i = N .
� �32�

The Ii’s are the appropriate area moments, given by

Iv,i =
wt3

12
, �33a�

Il,i =
w3t

12
. �33b�

The first one is the vertical moment, which should be used
when calculating vertical deflections �and thus kL�, while the
second expression is to be used for lateral bending �kb�. Fi-
nally, the correct expression for the appropriate bending
angles is

� j =
Plj

2

2EIj
+

�Pxj�lj

EIj
. �34�

Although this seems quite complicated, these expression col-
lapse to expressions �23� and �26� if all the sections have
identical w and t.

For the torsional stiffness of a sectioned lever, we can
simply add the twist angles of each section, i.e., �tot=�i=1

N �i.
The individual twist angles are given by

�i =
�li

JiG
. �35�

Here �= Ph is the applied torque �h is the length of the tip�
and Ji is the torsional constant of section i, given by26

Ji =
witi

3

3
�1 − 0.63

ti

wi
� . �36�

Note that Ji is not identical to the so-called polar area mo-
ment, which can be found by adding Iv,i and Il,i. This is a

FIG. 8. SEM image of a commercial cantilever micromachined by FIB for
enhancement of torsional signal sensitivity.
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common mistake and can lead to misjudging the torsional
stiffness of the levers by orders of magnitude. The torsional
angular stiffness can now be found from k�=� /�tot. This can
be converted to the kt by kt=k� /h2.

C. Materials and measurement methods

We have previously reported measurements of normal
stiffness and damping oscillations associated with molecular
layering in water,27 OMCTS �Refs. 11 and 13� and TEHOS.7

Here, we present simultaneous normal and lateral stiffness
measurements, which were performed on TEHOS and
OMCTS with Si cantilevers purchased from MikroMasch
�Ref. 24� and NT-MDT. TEHOS, purchased from Gelest,
Inc,28 is a liquid with nearly spherical and nonpolar mol-
ecules �MW=544.97�, approximately 1 nm in diameter. The
liquid was chosen based on the previous evidence of its lay-
ering near solid surfaces as demonstrated by x-ray reflectiv-
ity experiments.29–31 OMCTS also has nearly spherical mol-
ecules of about 1 nm diameter and has been studied
intensively in many studies of confined liquids.

In order to illustrate our technique, we simultaneously
recorded the cantilever’s normal and shear response, An and
Am,tot at two well-separated frequencies �dither and shear�
upon liquid confinement between the tip and an oxidized,
atomically flat Si sample. We used three different cantilevers.
Two were unmodified commercial cantilevers and one was
modified by FIB to provide improved torsional sensitivity.
The planar dimensions were obtained by SEM and we deter-
mined the normal stiffness, kn either by combining geometric
methods, measurements of the resonance frequency or fitting
of the thermal noise curve.20

For the lever used in Fig. 9, we determined the reso-
nance frequency to be f =39.3�0.02 kHz, and the length
and width were L=237.0�0.9 m and w=40.7�0.9 m,
respectively. The thickness could not be determined from
SEM images as it was irregular due to manufacturing flaws.
Through fitting the thermal noise20 curve we determined

kL=1.73�0.2 N /m and by using Eq. �25�, we found
the effective thickness to be t=5.26�0.76 m. For the
lateral bending and torsional stiffness, we found kb

=103.6�47 N /m and kt=85.1�25 N /m, respectively.
Uncertainties are quite high in this case due to the quality
of the thermal fit and the high uncertainty in the lever
thickness. Here, we used for Si density �=2330 kg /m3 and
�=1.8751.20

The lever used in Fig. 10 was regular and
had dimensions of L=285�0.9 m, w=38�0.9 m,
t=3.25�0.25 m, and h=17.5�0.9 m, while its
resonant frequency was experimentally determined,
f =23.1�0.02 kHz. This gave kL=0.42�0.04 N /m for this
lever, where the 10% error is nearly entirely dominated by
gold layer coating and tip corrections. Equations �26� and
�27� yielded the lateral bending and torsional stiffness of the
beam, kb=57.3�17.2 N /m and kt=54.7�11.0 N /m, re-
spectively. Here, �=0.315 was calculated for a ratio of width
to thickness w / t=11.69 �Ref. 23� and the Poisson ratio
�=0.28 was taken from Ref. 32.

The modified cantilever �Fig. 11� was modified into
three sections, but we could not determine its resonance fre-
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FIG. 9. Measurement of the shear stiffness of nanconfined TEHOS with
�filled symbols� and without �open symbols� compensator circuit. Without
compensator circuit, the shear stiffness has unphysically high values far
from the surface due to the measurement of the misaligned translational
motion of the cantilever. Both measurements show stiffness oscillations con-
sistent with the size of the molecules.
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quencies before it broke during measurement. We did, how-
ever, have SEM data of its dimensions and calculated its
stiffnesses using the theory provided above, taking
E=150 GPa. Using Eqs. �30�–�36�, we determined
kL=0.9 N /m, kb=1.5 N /m, and kt=2.3 N /m. We do not
give error bars here as these values depend on six measure-
ments of lever dimensions and uncertainty in the value of E,
and therefore the uncertainty in these values is bound to be
large. However, these stiffnesses are clearly low enough to
provide good separation between normal and lateral mea-
surements.

The sample, an atomically flat piece of Si �100� was
oxidized in a Piranha solution �hydrogen peroxide and sulfu-
ric acid 1:3� at 100 °C for 20 min, rinsed in de-ionized wa-
ter, and kept in an oven overnight at 120 °C to remove any
water traces. The normal stiffness and damping coefficient of
the confined liquid layers were obtained by using Eqs. �1�
and �2�. During our experiments, the fiber was aligned close
to the cantilever edge, at a distance of a few micrometers, to
enhance the torsional signal sensitivity. The distance from
the edge was determined by counting the fiber positioner
steps used to reach the measurement position. Once the tor-
sional amplitude was determined via Eq. �21�, taking �=0,
the shear stiffness of the confined layers could be calculated
from Eq. �8�.

IV. RESULTS AND DISCUSSION

Figure 9 shows measurements of the shear stiffness of
confined TEHOS �the normal excitation was switched off�,
both with �filled symbols� and without compensation �open
symbols�. In both cases, the lever edge was visually aligned
with the substrate surface to a measured accuracy of ��
=0.5° with the help of a CCD camera with microscope at-
tachment. However, as can be clearly seen, when the com-
pensation circuit is not used, there is a false signal arising
from the misalignment between the cantilever surface and

the motion of the shear piezo, i.e., a nonzero �−� angle.
Comparing to simulations, the misalignment was in 3°–4°
range. These small misalignments resulted in the curve rep-
resented by open symbols, which shows a large apparent
shear stiffness far from the surface, which reduces nonphysi-
cally close to the surface and then increases again. These
artifacts can be suppressed when a compensation circuit is
used to align the cantilever motion with the cantilever orien-
tation. By feeding some of the shear signal to the normal
�dither piezo�, the vector representing the shear motion of the
cantilever base can be rotated until the parasitic normal mo-
tion is minimized far from the surface �filled symbols�. We
could reduce the parasitic motion perpendicular to the lever
surface to about 0.06 Å in these measurements, correspond-
ing to a remaining misalignment of about 0.25°. We also
found from the simulations that the alignment is in the op-
posite direction of the lever misalignment �otherwise the
measurement would show the artifact shown in Fig. 5-2�.
This means that we are able to align the cantilever motion
within �=0.2° –0.3° with respect to the substrate surface.
Both measurements show stiffness oscillations with a periods
of 10–15 Å, corresponding to the size of the molecules.

Figure 10 shows simultaneous measurements of the nor-
mal stiffness, shear stiffness, and damping coefficient of con-
fined TEHOS layers, where the normal and lateral measure-
ments were well separated in the frequency domain as
discussed above. These results were obtained with a 5 Å free
vertical �dither� amplitude and a 12 Å /s approach rate. The
lateral amplitude of the cantilever base was A0l=2.5 Å, while
the dither and shear frequencies were 465 Hz and 1.1 kHz,
respectively. In this case, we were able to reduce the parasitic
normal motion in the shear channel to about 0.01 Å, due to
the smaller shear amplitude used.

In Fig. 10�a� we superimposed the shear stiffness over
the normal stiffness data. The two curves show in-phase os-
cillations revealing that in the ordered, high normal stiffness
state, the confined layers are capable of sustaining a shear
stress, corresponding to an elastic, solidlike behavior. On the
other hand, in the disordered, low normal stiffness state, the
shear stiffness is also low suggesting a liquidlike behavior.
Even when the normal stiffness rises sharply when the two
confining surfaces come very close �right-hand side in Fig.
10�a��, the shear stiffness remains low and nearly constant in
the disordered state—a finding that may be of great interest
in nanotribology. In Fig. 10�b�, the normal stiffness and
damping coefficient data show out-of-phase oscillations with
a period of 10 Å that correlate well with the size of TEHOS
molecule.

At the used 2.5 Å shear amplitude, the smallest success-
fully measured motion normal to the fiber resulting from the
torsional motion of the cantilever was 0.016 Å �correspond-
ing to a measurement of 0.2 N /m in the shear stiffness�.
Such a small-amplitude measurement is clearly beyond the
capabilities of commercial AFMs. In the normal direction,
the smallest measured changes in amplitude were of order
0.1 Å, which falls short of our previously achieved
capabilities,27 probably due to the simultaneous measure-
ment of both motions.

Figure 11 shows simultaneous normal and shear mea-
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FIG. 11. Simultaneous measurement of the normal and shear stiffnesses of
nanoconfined OMCTS using a lever modified for low torsional stiffness.
Results are qualitatively quite similar to Fig. 10 obtained with an unmodi-
fied lever, but careful alignment.
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surements on nanoconfined OMCTS using a FIB modified
lever �Fig. 8�. Here, the normal amplitude was 1.17 Å and
the lateral amplitude was 7.91 Å. As we have learned from
Fig. 5, when the torsional stiffness is low, the normal and
lateral motions are more effectively decoupled, owing to the
much reduced torsional stiffness of the lever. Again, we see
oscillations in both the normal and shear stiffnesses with
roughly the period of the molecules. These measurements are
quite consistent with the measurements on TEHOS, again
showing strong oscillations in the shear in the 1–2 N /m
range and a low shear stiffness even as the normal stiffness
rises sharply. The oscillations in the normal direction are
somewhat weaker in this measurement, a feature we have
repeatedly observed in these measurements and which we
need to explore further.

In conclusion, a new AFM-based technique was devel-
oped for simultaneous normal and shear stiffness measure-
ments of confined liquid layers. Although many pioneering
experiments have been performed to study the response of
confined liquids to a normal or shear stress,33–40 the above
experiment is, to the best of our knowledge, the first simul-
taneous measurement of normal and shear stress response of
nanoconfined liquids in an atomic force microscope in the
linear, small-amplitude regime. This is different from tor-
sional resonance techniques,41–44 which have proven quite
successful in imaging, but are too disruptive to reveal the
molecular-scale structures seen in our study. A very sensitive
homebuilt small-amplitude, off-resonance AFM was used to
employ the new technique in measurements on TEHOS and
OMCTS, liquids with nearly spherical, nonpolar molecules.
The results show that both the normal and shear stiffness
measurements resolved the layered structure of the confined
liquid with an interlayer spacing consistent with its molecu-
lar size. We determined optimal conditions to ensure good
separation between normal and shear measurements. These
include alignment of the cantilever to the substrate, align-
ment of the cantilever motion using a compensator circuit,
low noise measurements of small amplitudes, and reduction
of the torsional stiffness through modification of the cantile-
vers. This work represents a significant advance over our
previous AFM measurements performed in confined liquids.
It is expected that the development of this technique will
improve the understanding of the dynamics of such systems
and the stick-slip behavior associated with the sliding of
nanoscale films.
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