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Byung I. Kim, Jeremy R. Bonander, and Jared A. Rasmussen
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Abstract
We measured normal and friction forces simultaneously using a recently developed cantileverbased optical interfacial force microscope (COIFM) technique for studies of interfacial
structures and mechanical properties of nanoscale materials. We derived how the forces can
be incorporated into the detection signal using the classical Euler equation for beams. A lateral
modulation with the amplitude of one nanometers was applied to create the friction forces
between tip and sample. We demonstrated its capability by measuring normal and friction
forces of interfacial water at the molecular scale over all distance ranges.
Keywords: COIFM, cantilever-based optical interfacial force microscope, force-distance curve, friction force,
interfacial force microscopy
Introduction
Intermolecular friction forces play a fundamental role in many biological processes such as transport along
cytoskeletal filaments1 or inside human and animal joints2. Friction is also of great importance in micromechanical
systems where water is trapped between two surfaces3. The trapped water has a critical effect on the performance of
the systems through interfacial tribological properties4.
Atomic force microscopy (AFM) has been successfully applied to these intermolecular friction studies5-11. The
previous technique of measuring friction employed a lateral modulation of the sample relative to the cantilever as a
means to measure normal force and friction force at the same time7-11,13. However, the technique can only be
applied to the measurement of friction while the tip is touching because of an intrinsic mechanical instability of the
tip-sample assembly called the snap-to-contact problem. As an approach to overcome these limitations, friction
forces have been measured using interfacial force microscopy (IFM)12, where the force feedback makes it possible
to study friction in the attractive regime10-11,13. Burns et al. applied IFM to measure friction force and normal force
simultaneously to study the molecular nature of friction to investigate the intermolecular friction along with normal
forces in the attractive regime13. However, its use of a larger tip and its limited force resolution determined by the
electrical detection technique do not allow for broad use in friction force measurements, especially at the single
molecular level.
We employed the unique and recently developed scanning probe technique called cantilever-based optical interfacial
force microscope (COIFM)14, which uses force feedback to avoid the snap-to-contact problem associated with
ordinary AFM measurements. The COIFM with lateral modulation allows for simultaneous measurement of normal
and friction forces in the attractive regime as well as in the repulsive regime by utilizing the force feedback
capability of the instrument14. Like the conventional IFM, 10-12 the COIFM uses a voltage-activated force feedback
by employing a commercially available “dimension micro-actuated silicon probe” (DMASP) cantilever.15-18. This
cantilver has a small radius (10nm) that enables one to study water structures at the single molecular level. Due to
the optical detection scheme, the force resolution is improved by two orders of magnitude over the existing IFM
with electrical detection method12. It also demonstrated the capability of this COIFM as a second generation of IFM
by revealing the hidden structures of the interfacial water between two silica surfaces14. Although there have been
many friction measurements using scanning probe techniques, there are few explicit relations between the detection
signal, normal, and frictional forces. In this paper, we derived the relationship between the detection signal, VA-B, an
external normal force (Fz) and an external friction force (Fx), and using the classical Euler equations for beams19.
Based on this relationship, we calibrated the conversion factors between detection signals and forces. Then we
demonstrated its capabilities through measurement of normal and friction forces due to interfacial water using the
COIFM.
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Theoretical Background
a. Coupling of Normal and Friction forces through Cantilever Displacement
Herein we describe the theory behind the COIFM with lateral modulation and demonstrate its capabilities in
measuring normal and friction forces at the single molecular level due to interfacial water. Figure 1 illustrates an
optical beam displacement detection scheme in the AFM head that was used to transmit the interaction forces
between the tip and the surface into an electrical signal20. The tip of the cantilever experiences the forces Fx and Fz
during force measurements by the sample surface. A general Euler equation19 is given for the vertical displacement
of the cantilever (zz) produced by the normal force (Fz) acting at a point x = Lcant as follows21, 22,

Fz ( Lcant

d 2 zz
− x) = EI
dx 2

(1)

where Lcant is the length of the cantilever, E is the Young’s Modulus and zz is the vertical displacement caused by Fz.
The area moment of inertia (I) for a rectangular bar is given by,

t 3w
I=
12

(2)

where t is the bar thickness, and w is the width of the bar. The solution to the above equation with the boundary
condition z z

z =0

zz =

dz z
dx

= 0,

= 0 , is as follows,
z =0

3Fz x 2
x
(
) (1 −
)
2k z Lcant
3Lcant

(3)

where the spring constant (kz) is defined as the following23-25

kz =

Et 3 w
.
4 L3cant

(4)

In addition to the vertical force Fz, a friction force (Fx) along the major axis of the cantilever (see Fig. 1(a)) also
contributes to the vertical displacement of the cantilever by the following Euler equation.

Fx Ltip = EI

d 2 zx
dx 2

(5)

where Ltip is the length of the cantilever tip. The vertical displacement produced by Fx (zx) can then be found in the
following equation.
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zx =

3Fx Ltip
x 2
(
)
⋅
2k z Lcant Lcant

(6)

The total displacement (zc), the sum of both zz and zx, is given by the following equation.

zc =


x
3
x 2  Ltip
(
) 
Fx + (1 −
) Fz 
2k z Lcant  Lcant
3Lcant


(7)

The bending motion of the cantilever due to the tip-sample interactions is detected by measuring the voltage
difference (VA-B) between two photodiodes, namely A and B, as shown in Figure 1. The difference in voltage is
proportional to the slope of the cantilever (according to the law of reflection) at the point (x=Lcant) where the beam is
reflected as follows26,

V A− B = αϑc

(8)

where α is a proportional constant.
The total slope ( ϑc ) at x=Lcant is the derivative of total displacement of the cantilever (as given in equation (7)) with
respect to z in the following way.

ϑc =

dz c
dx

x = Lcant =

3
2k z Lcant

L


 Fz + 2 tip Fx  .
Lcant



(9)

The above relation is consistent with the work done by Sader24. Then the detection signal VA-B is related to the two
forces as follows:

V A− B =

2 Ltip
3α
Fx )
( Fz +
Lcant
2k z Lcant

(10)

The above relation provides an opportunity to measure the normal force Fz and the friction force Fx simultaneously
through the measurement of the optical beam displacement signal, VA-B. However, the inability of the current AFM
system to control the cantilever displacement causes limitations in measuring forces using Eq. (10) over all distance
ranges due to the snap-to-contact problem.
b. Voltage Activated Force Feedback
We apply the concept of the COIFM technique to the simultaneous measurement of normal and friction forces on
approach to overcome the limitations of the AFM, using a commercially available DMASP cantilever as a detector
and an actuator. Here we apply this concept to the case where friction forces (Fx) and normal force (Fz) exist
together by making displacement zero while measuring the normal force Fz through the voltage activated force
feedback14. When in feedback, the detector signal (VA-B) in Figure 1 is maintained at zero by generating a feedback
force Ffeedback as follows.
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V A− B (t ) =

3α
2k z Lcant

L


 Fz + 2 tip Fx − F feedback  = 0
Lcant



(11)

In the voltage activated force feedback, a voltage VZnO is applied to the ZnO stack of the DMASP cantilever.
Because VZnO is linearly proportional to VA-B with a proportional constant β as given,

V A− B = β ⋅ VZnO

(12)

the feedback condition in equation (11) can be solved in terms of VZnO as follows.

VZnO =

3α
2 βk z Lcant

2L


 Fz + tip Fx 
Lcant



(13)

This equation suggests that the ability to obtain normal and friction forces while overcoming the snap-to-contact
problem will make feedback measurements much more advantageous than non-feedback measurements. Equation
(13) suggests, instead of the VA-B signal, the feedback signal VZnO is used in measuring normal and friction forces.
Experimental
We used a commercially available AFM system, which was originally designed for general purpose use of AFM
(Autoprobe LS, Park Scientific Instruments, Sunnyvale, CA). For our experiment, we used a (DMASP, Bruker
Corporation, Santa Barbara, CA), which has a built-in ZnO self-actuator but can still be used as a regular AFM tip.
The DMASP cantilever acts as not only a detector, but also an actuator as well due to the ZnO stack. This probe is
made of 1-10 Ωcm Phosphorus doped Si, with a nominal spring constant (kz) and resonance frequency known to be
3 N/m and 50 kHz respectively27. The dimensions were measured to be Lcant = 485 µm, Ltip = 20 µm, which is in
agreement with other previous measurements28, 29. Lcant is the length of the portion of the cantilever between the base
of the cantilever and the tip. Before experimentation, the laser beam was aligned on the backside of the cantilever
and A-B was adjusted to make the laser incident zero by reflecting in the middle of the photo-diode. The tip then
approached the sample until touching, using the stepping motor of the piezotube. The wavelength of the laser light
for the optical detection is 670 nm and the position sensitive detector is a bi-cell silicon photo-diode. The feedback
loop was developed using a RHK SPM 1000 controller (RHK Technology Inc., Troy, MI). The feedback control
parameters such as time constant and gain can be manually adjusted for the optimal feedback condition. All
measurements were taken on a freshly cleaned silica wafer, Si (100) (SPI supplies, West Chester, PA) in an ambient
condition with a relative humidity of 55%, which was monitored using a thermo-hygro recorder (Control3,
Friendswood, TX). The top of the surface is expected to becovered with natural oxide in air, thereby forming the
silica, the most abundant material in the Earth’s crust30. The wafer was attached to a 15 mm steel disk using double
stick tape and then mounted on a magnetic sample stage on top of the piezotube. To remove all organic
contaminates the silica was cleaned using a piranha solution made from a 3:1 concentrated H2SO4/30% H2O2
(Pharmco and Fischer Scientific respectively). It was then sonicated in acetone for 5 minutes, then in ethanol for 5
minutes, rinsed with DI water, and then dried with a dry N2 flow. Tips were cleaned using a UV sterilizer (Bioforce
Nanosciences Inc., Ames, IA) to remove the residual hydrocarbon molecules.
The tip-sample distance was controlled by moving the piezotube in the z-direction using the high-voltage signal
controller. The zero force was set as the VA-B value at large separations between the two surfaces before
measurement. The tip speed was chosen as 10 nm/sec, controlled by the built-in digital-to-analog converter of the
RHK controller in conjunction with the high voltage amplifier. The lateral movement was achieved by dithering the
sample in the long axis direction of the cantilever using the piezo tube with an oscillatory signal of about 1nm
amplitude at the frequency of 100 Hz9-11. A Hewlett-Packard function generator (model 33120A) was used to
generate the oscillatory signal. The piezotube sensitivities in the x and y-direction are calibrated to be 6.25nm/V and
the sensitivity in the z-direction is 3.65nm/V.
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The amplitude of the ac-component VZnO,ac, was measured using a lock-in amplifier (7225 DSP, Signal Recovery,
Oak Ridge, TN) with a time constant and sensitivity, 100 ms and 100 mV (or voltage gain of 100), respectively. VAB, VZnO,dc and the lock-in output VZnO,ac were recorded using the analog-to-digital converter of the RHK controller
system. They were converted into forces using the conversion factors found in the results section. The converted
force scales are displayed on the right axis of each panel and voltage units on the left axis. All data processing and
analysis were performed with Kaleidagraph (Synergy Software, Reading, PA) after raw data acquisition.
Results and Discussion
a. Normal and Friction force Calibration
For qualitative understanding, the signal VA-B should be converted into force using the relation between the signal
and the two forces in equation (10). Equation (10) suggests how to calibrate the conversion factors from the VA-B
signal to both forces experimentally. To do this we need to find the proportional constant α between VA-B and ϑc .
Combining the equation (8) with equation (10), the detection signal, when the tip is in contact with the substrate can
be expressed as

V A− B =

3α
zc .
2 Lcant

(14)

where zc is the cantilever displacement along z-axis.
The above equation suggests that α can be found by measuring the VA-B signal as a function of zc. The cantilever
displacement can be changed systematically by contacting the cantilever to the sample surface (assuming that the
indentation between the tip and the surface is negligible). The slope of the line

 3α

 2 Lcant


 is found to be 20.4


mV/nm from the relationship between VA-B and zc shown in Figure 2(a). From Figure 2(a), α is found to be
6.60x103 V/rad with Lcant = 485µm. The normal force conversion factor from VA-B into Fint from equation
(29),

2k z Lcant
, is 147 nN/V.
3α

Figure 2(b) shows the detection signal VA-B measured as a function of the voltage applied to the ZnO stack from -10
V to 10 V . The constant β is found to be 34.07 mV/V through the linear fitting of the curve in Figure 2(b). Using
the obtained α value along with the measured β value, the calculated conversion factor for normal force while the

βk L2
 2 βk z Lcant 
 is 5.00 nN/V. The conversion factor for friction forces, z cant found in
3αLtip
 3α


system is in feedback 

equation (28) is calculated to be 60.62 nN/V. This lateral conversion factor is larger than the normal force
conversion factor by

Lcant
which is found to be 12.13.
2 Ltip

b. Force-Distance Measurements
We measured both normal and friction forces in the water junction between the probe and the surface with the
COIFM with lateral modulation. Figure 3(a), 3(b) and 3(c) show the measured VA-B, VZnO,ac, and VZnO,dc data,
respectively, as a function of piezo-displacement. The data clearly demonstrate that the force feedback allows for the
COIFM to measure the normal force of water between the tip and the sample for all distance regimes, overcoming
the snap-to-contact effect associated with the conventional AFM method. The voltage units were converted into
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force units using the conversion factors found above, as shown on the right axis of each panel. The zero distance
was defined as the point where the friction force increases sharply as marked in Figure 3(b). As the tip approaches,
both normal and friction forces remain at zero until interaction with interfacial water occurs at around 12 nm away
from the substrate. Surprisingly, the data show oscillatory patterns in both normal force and friction force. The VA-B
signal also displays a periodic change with the tip-sample distance, as shown in an enlarged inset in Fig. 3(a). These
periodic features are consistent with the earlier AFM-based observation of stepwise change of the force gradient
related with the thin water bridge in an ambient environment 31.
The periodicity is found to be 0.227±0.056 nm for valley-valley distance analysis and 0.223±0.055 nm for peakpeak distance analysis. This periodicity matches the diameter of water, which is consistent with Antognozzi et. al,
who found the periodicity of water layers to be 0.24-0.29 nm even for distilled water deposited on a mica sample
surface using a near field scanning optical microscope (NSOM) 32. This result is also in agreement with other earlier
studies using AFM at the liquid-solid interface between a hydrophilic surface (e.g mica.) and bulk water33-38. The
interfacial water confined between two surfaces forms water layers with periodicity of one water diameter 0.22
nm33, 0.23 +0.003 nm34, 0.25 + 0.05 nm35, 0.23 + 0.03 nm36, 0.29 + 0.006 nm37, and 0.22-0.29 nm38. This can be
understood that the ordering of confined water molecules leads to oscillatory solvation forces, which are reflections
of the geometric packing experienced by the molecules due to the imposing surfaces, with the period of oscillation
roughly equal to the molecular diameter of water. The oscillations occur in the molecular force due to the transition
between solid (ordering) and liquid (disordering), depending on the commensuration and incommensuration
between the spacing and the molecular diameter39. These preliminary data on the interfacial water suggest that the
COIFM is capable of providing unprecedented information on the structural and mechanical properties of molecules.
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Figure Captions
Figure 1. The optical detection scheme of the AFM using a DMASP tip. The applied modulation and forces also
are seen.
Figure 2. (a) Change in VA-B versus cantilever displacement (zc) due to normal force. The slope of the line allows
us to determine the conversion factor α. (b) The resulting change in VA-B when a voltage is applied to the ZnO stack.
The slope of this line is β and is used in the equation to find the voltage-to-force conversion factor.
Figure 3. Force-distance curves for VA-B (a), the frictional force (b), and normal force (c) during the tip-approach
towards the surface with velocities of 10 nm/s at 55% relative humidity. The inset in (a) is an expanded plot of VA-B
in a range of 8.5 - 10.5 nm.
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