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Comparison of different methods to calibrate torsional spring constant
and photodetector for atomic force microscopy friction measurements

in air and liquid
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Department of Chemistry, Surface Chemistry, Royal Institute of Technology, Drottning Kristinas Vig 51,
SE-100 44 Stockholm, Sweden

Adam Feiler
Department of Physical and Analytical Chemistry, Surface Biotechnology, Uppsala University, P.O. Box 577,
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A number of atomic force microscopy cantilevers have been exhaustively calibrated by a number of
techniques to obtain both normal and frictional force constants to evaluate the relative accuracy of
the different methods. These were of either direct or indirect character—the latter relies on
cantilever resonant frequencies. The so-called Sader [Rev. Sci. Instrum. 70, 3967 (1999)] and
Cleveland [Rev. Sci. Instrum. 64, 403 (1993)] techniques are compared for the normal force
constant calibration and while agreement was good, a systematic difference was observed. For the
torsional force constants, all the techniques displayed a certain scatter but the agreement was highly
encouraging. By far the simplest technique is that of Sader, and it is suggested in view of this
validation that this method should be generally adopted. The issue of the photodetector calibration
is also addressed since this is necessary to obtain the cantilever twist from which the torsional force
is calculated. Here a technique of obtaining the torsional photodetector sensitivity by combining the
direct and indirect methods is proposed. Direct calibration measurements were conducted in liquid
as well as air, and a conversion factor was obtained showing that quantitative friction measurements
in liquid are equally feasible provided the correct calibration is performed. © 2007 American

Institute of Physics. [DOI: 10.1063/1.2779215]

I. INTRODUCTION

With the rapidly increasing interest in nano- and biotech-
nology, the ability to quantitatively measure normal and lat-
eral forces at the molecular level has increased in impor-
tance. Over the last two decades the atomic force microscope
(AFM) has become a routine method for obtaining surface
force measurements in air and in liquids with a force sensi-
tivity down to piconewtons. The intrinsic simplicity of mea-
suring the deflection of an AFM cantilever in response to
interaction with a surface makes it immediately applicable to
a large range of scientific and industrial applications. The
development of the colloid probe technique1 which allows
well defined probe geometry and surface chemistry has fur-
ther increased the usefulness of AFM for use in applied
studies.’

In many instances the limiting factor in obtaining quan-
titative force measurements with an atomic force microscope
is calibrating the cantilever spring constants and the photo-
detector sensitivity. In general, the measurement and inter-
pretation of normal forces are simpler to quantify than lateral
forces arising from friction largely because the torsional
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spring constant of AFM cantilevers is harder to calibrate than
the normal spring constant. Despite the early application of
AFM for friction force measurements, e.g., Refs. 3 and 4, the
difficulty in unambiguously determining the torsional spring
constant and calibrating the photodetector lateral response
meant that this area has not developed as rapidly as, for
example, the adhesion and molecular pulling studies. In the
last few years the rapid development of microelectrical me-
chanical systems (MEMSs) with their ever-decreasing size
and weight constraint has meant that frictional forces are
becoming a pivotal issue. Additionally, the huge interest in
molecular engineering and biotechnology in which intermo-
lecular lateral forces dominate the conformation and function
of proteins and biomolecules at interfaces has resulted in a
desire to quantify these forces.

Over the last few years, many methods have been pro-
posed for calibration of the normal spring constant for AFM
cantilevers; these include direct measurement, geometric cal-
culations, and finite element analysis.s_7 Until recently the
method most commonly adopted for normal spring constant
determination was based on the measurement of the cantile-
ver’s change in resonant frequency in response to added
masses.’ More recently, Sader and co-workers developed
equations to calculate the cantilever’s normal spring constant
from the resonance frequency induced by thermal fluctua-
tions. The method is fast, direct, and requires no functional-
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ization of the cantilever;7 the use of this method for normal
spring constant determination has been increasingly adopted
during recent years. Despite a large number of proposed
methods,**'* a single standardized procedure for calibration
of the torsional spring constant does not yet seem to have
gained general acceptance.15 For a more detailed review of
friction calibration and friction measurements, the reader is
referred to a review article by Perry.16

Two methods to measure the cantilever torsional spring
constant by directly twisting the cantilever have been pre-
sented by some of the authors. These two techniques are
based on a similar measurement of cantilever normal and
lateral deflection but differ by means of applying torque to
the cantilever. The pivot method'" uses a fulcrum based on
an upturned cantilever to apply twist, while the lever
method" utilizes a lever attached to the cantilever to produce
twist. The former method is quicker and simpler to apply
experimentally and does not compromise the cantilever but
is most suited to tipless rectangular cantilevers. The latter
method is more demanding experimentally, requiring the glu-
ing of a fiber to the cantilever, perpendicular to its long axis
but can be used for any geometries of cantilever with or
without tips. Importantly, both calibration methods address
the issue of calibrating the photodetector for quantification of
the deflection signal. (We note that the wedge method’ is yet
another successful technique for obtaining both torsional
constant and photodetector calibration, though a comparison
with that method is not within the scope of this work.)

A recent publication has shown that the methods of
Sader and co-workers and Cleveland er al.'? can be adapted
to calculate the torsional spring constant from the torsional
resonant frequency of the cantilever. (These techniques are
henceforth referred to as the Sader and Cleveland methods,
respectively, according to current praxis.lz) This develop-
ment has the potential to provide a standard procedure for
torsional spring constant determination with the distinct ad-
vantage that the cantilever can be calibrated in situ directly
prior to force measurement. However, a direct comparison
between the calculated torsional spring constant and that de-
rived by direct measurement has not yet been presented.
Moreover, calibration of the photodetector also needs to be
performed.

In this article we compare values of the torsional spring
constant obtained from calculation based on the cantilever
resonance with direct measurement due to applied torque.
While there is no a priori reason to expect a significant dif-
ference, no internal comparisons between these static tech-
niques or external comparisons with the dynamic techniques
have previously been performed. Since there are several
communities using different techniques it is topical to ensure
that the data are comparable. Furthermore, if the dynamic
and static methods can be shown to be quantitatively in
agreement, then the results obtained from these techniques
can be reverse engineered to simply obtain a reliable photo-
detector calibration.'

Importantly calibration has been conducted in both air
and liquid due to the increasing application of measurements
in liquid, and a conversion factor, based on refractive index
analysis, is discussed to relate calibration in the different
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media. In addition, we evaluate the accuracy of calculating
the photodetector sensitivity directly from the deflection.
Since a value for the normal spring constant is required to
obtain the torsional spring constant, we also briefly compare
the two above mentioned normal calibration methods for a
large number of cantilevers from the same batch.

In brief the salient points in this article are (i) compari-
son of the dynamic and static friction constants, (ii) the com-
parison of the static methods, (iii) the extraction of the lateral
photodiode sensitivity from combined dynamic and static
techniques, and (iv) the refractive index analysis.

Il. EXPERIMENT

All AFM experiments were performed using a Multi-
Mode Picoforce with Nanoscope III controller (Veeco; Digi-
tal Instruments, USA), with optical viewing system and sig-
nal access module (scanners PF and K; not vertical engage).
The cantilevers used were commercial rectangular uncoated
tipless silica cantilevers (approximate dimensions: length of
250 wm, breadth of 35 um) from MikroMasch. A frame
grabber from National Instruments, IMAQ-1405 together
with IMAQ VISION and LABVIEW were used for capturing im-
ages with a charge coupled device (CCD) camera. A National
Instruments DAQ card (PCI-MIO-16E) and a LABVIEW pro-
gram were employed for capturing the thermal vibration, cal-
culating frequency spectra, and fitting peaks to simple har-
monic function with added white noise. The AFM is located
in a room which is temperature controlled to 20.5%0.5 °C.

A. Normal spring constant calibration

1. Cleveland et al.: Added mass

The attachment of several different masses (M,) to a
cantilever and measuring the corresponding normal resonant
frequency enabled the normal spring constant &, to be deter-
mined from the slope of a linear plot of M, vs (27f,)>%,
according to the formula®

M ko
= s —m,.
tQ@af,)t e

Tungsten spheres of different sizes were adhered to the can-
tilevers with a Micromanipulator 5171 (Eppendorf AG, Ger-
many). The size of each sphere was determined with image
analysis of images grabbed with a 50X objective on the Ni-
kon Optiphot-100S microscope. The image analysis algo-
rithm employed edge detection on eight spots around the
sphere and then a circular fit giving the diameter of the par-
ticle. Four different particles were used for each cantilever.
Both the torsional and normal resonance frequencies were
detected as follows. The cantilever was mounted in the AFM
and allowed to vibrate freely due to thermal motion. The
photodetector signals for the normal and torsional signals
were grabbed with a DAQ card and analyzed in the Fourier
domain to find the resonance frequency. To reduce the noise
in the frequency spectra, 500 individual spectra were aver-
aged into one average frequency spectrum. The average fre-
quency spectrum close to the fundamental resonance peak
was fitted to a single harmonic function with added white

(1)
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093702-3 Torsional spring constant calibration
noise to calculate the resonant frequency and Q factor for the
peak.

2. Sader et al.: thermal vibrations

The cantilever is allowed to vibrate freely due to thermal
motion in a fluid such as air. The frequency and Q factor of
the fundamental resonance are used together with the dimen-
sions (length [ and breadth b) of the cantilever, the density p
and viscosity 7 of the fluid. These parameters are then used
to calculate the normal spring constant’

k, =0.1906pb*1Q,(27f,)’T"(Re,), (2)
b*2
Re, = p va’ 3)
47

I'Y(Re,) is the imaginary component of the hydrodynamic
function for normal vibrations described in Ref. 17.

The dimension of the cantilevers was measured with an
Optical microscope, Nikon Optiphot 100-S, with 20X and
50X objectives, respectively, for length and breadth. Images
were grabbed with a CCD camera and analyzed in National
Instrument IMAQ VISION ASSISTANT 7.1. Resonant frequencies
and Q factor were obtained as above.

The method by Sader et al. gives the spring constants for
the full free length of the cantilevers. The other methods
used in this work give the spring constants at the position
where the calibration has been done, i.e., a few micrometers
from the free end of the cantilever.'>'® The results of the
normal Sader method are thus recalculated according to

k =k€<L)3, (4)
VY

where a value of 10 um was used for Al

B. Torsional photodetector calibration

First a cantilever was mounted in the AFM head and the
laser and detector were aligned, the cantilever was removed,
and a mirror was mounted on the scanner to reflect the laser
onto the detector. A three-leg scanner was used to tilt the
AFM head. Small changes in the angle were achieved with
the built-in step motor; the actual tilt was determined opti-
cally as follows. A camera was mounted with a view of an
edge on the back of the AFM head. Images were grabbed to
monitor the real movement of the head as it was tilted with
the step motor. The tilt angle applied was then calculated on
geometrical considerations after image processing (edge de-
tection on the position change of the AFM head) of these
images. The detector signals—both normal and torsional—
were grabbed with a DAQ card from National Instruments.

C. Torsional spring constant calibration

1. Cleveland et al.: Added mass

The change in torsional resonance frequency due to
added mass is determined analogously to the normal case.'”
In this case r is the radius of the attached sphere and p; is its
density.

Rev. Sci. Instrum. 78, 093702 (2007)

28mpr  k
ﬂ=;é_2—fe~ (5)
15 (27f)

The torsional spring constant k4 is determined from the slope
of a linear plot of 28mp,°/15 vs (27f,)%. The sphere radius
was determined as above.

2. Sader et al.: Thermal vibration

Analogously to the normal method, the torsional'? ap-
proach returns the torsional spring constant according to

ky=0.1592pb*1Q,(27f,)2T(Re,), (6)
b2
Re,= P22t )
47

I'(Re,) is the imaginary component of the hydrodynamic
function for torsional vibrations described in Ref. 19.

The torsional constant was recalculated for the appropri-
ate length by

¢
e K ®
1-Al

The calibration by Sader et al. is partly sensitive to variation
in temperature and probably on different humidities since the
Q factor is somewhat sensitive to theses parameters; there-
fore it is best to perform this calibration on a set of cantile-
vers directly after each other and leave the cantilevers
aligned under the laser beam for some minutes before mea-
suring the frequency spectra. By following these recommen-
dations the error between different cantilevers can be mini-
mized and one can still calibrate ten cantilevers in
approximately 1.5 h.

3. Direct methods

The pivot11 and lever”® methods are based on the same
principle of using the piezoactuator to provide a turning mo-
ment by applying a normal force at a known distance from
the cantilever’s long axis, though their ways of treating the
resulting data differ slightly. They both provide a direct static
measurement of the spring constant, measured under similar
conditions to those experienced when the cantilever is used
to perform friction measurements. The deflection sensitivity
oy for a load applied at the center of the cantilever is com-
pared to the deflection sensitivity «; and the lateral or tor-
sional sensitivity B; when the load is applied at a distance L
from the long axis. If & the detector lateral sensitivity (V/rad)
is known then a torsional constant can be obtained. Alterna-
tively as in the lever method,13 a torsional calibration factor
v(N'm/V) can be used to convert volts to torque directly.
(Note that in this case the measurement is geometry and
instrument dependent.) The various sensitivities and calibra-
tion factors are related by the following equation:”’13

o _o,_ L 9)

k,Brag k¢ Y
In the pivot method," a linearization plot of [ay /(k,Bp)]
vs L gives kg linked with & as the gradient (i.e., 1/7y).
Strictly, 6 can be determined in a similar Wayll from
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FIG. 1. Normal spring constants for a set of cantilevers
(characterized by their resonant frequency) calibrated
by the methods of Sader et al. and Cleveland et al.
Values of Sader ef al. have also been recalculated to a
reduced length (from kﬁ, to k,) to enable comparison.
The lines are best linear fits to the data of the Cleveland
and reduced length Sader methods.

0.30
0.25 4 "
1 ey
o R%=0.8603
020 R2 g 6251
) ~ L
—_ Ae-
£ 015 LB at
2 = a4 &
X 1 4
0.10
] m  Cleveland
0.05 A Sader
i A Sader reduced length
0.00 r T r T r T T
24 25 26 27

f, (kHz)

Bl —ay/ar) =, (10)

Q, |

however, the errors are usually too large to permit this to be
done reliably and an independent method is preferred.lo’11

For the pivot method, a contact mode cantilever tip was
glued upside down on a planar substrate and mounted on the
piezoscanner. This is henceforth referred to as a pivot. The
pivot was then used to twist the tipless cantilever to be cali-
brated. Force curves were captured (deflection, friction and z
sensor) at different points along the width of the cantilever.
This was done automatically with a built-in script handling
both the positioning and force curve measurements (Au-
toramp). The positioning in the script used the y offset with
an aimed step size of 2 um. The resulting force curves are
then analyzed to calculate «y, a;, and (;, and thus obtain
values for y and k4 A plot of 1/8 vs L should be linear
through the origin, hence the zero position for L was defined
such that the line of best fit passed through the origin. The
position of the pivot during calibration measurements was
recorded with the optical viewing system mounted over the
AFM. The resulting images were analyzed to account for
nonlinearity of the y movement and obtain the real position
of the pivot in relation to the cantilever’s long axis. The
movement was nonlinear but was extremely well described
by a second order polynomial. This corrected L was used for
calculations of y and k. The torsional spring constant was
calculated with Eq. (9) for pivot method with & given from
the external detector calibration in air.

In the lever method a single value of L is used corre-
sponding to the length of a glass fiber lever glued to the
cantilever taken from the central axis. The torsional constant
is obtained using the following equation [obtained from Egs.
(9) and (10)],

_ kL2
- (aL/aO_l).

(11)

28

lll. RESULTS AND DISCUSSION

A. Normal spring constant calibration

Figure 1 shows the correlation between measured nor-
mal spring constants and the unloaded resonant frequency
for 14 rectangular cantilevers obtained using the methods of
both Cleveland and Sader. A roughly linear relation between
normal spring constant and normal resonance frequency can
be observed; this relation has already been described and
used elsewhere.*'>% It is clearly seen that the added mass
approach systematically generates a slightly higher value for
the spring constant than the method of Sader even when the
true length is accounted for in the latter method. The agree-
ment is nonetheless reasonably good. We note that a small
systematic error of 200 nm in the measurement of the radius
of the spheres used for the masses could account for such a
difference (since the radius is cubed to obtain the mass),
though we have no reason to doubt the values of the radii
used here. In the comparison presented by Green et al.?
there was remarkably good agreement between calibration
methods (much less than 1%) when three rectangular canti-
levers covering a large range of spring constants were com-
pared. Given the uncertainty of placement of the spheres in
the resonance method a small error would be expected, but
this is unlikely to be systematic. The most likely explanation
for the small systematic deviation is the fact that the cantile-
vers are not perfect rectangles—there is a small flangelike
protrusion over the last few percent of the cantilever length
which means that they do not perfectly meet the assumptions
of the Sader technique—the width is not technically constant
and both the hydrodynamics and the resonance will be mar-
ginally different to that of a perfect beam. In the following
part of this article we have rather arbitrarily employed the
normal spring constant obtained from the method of Sader et
al., where this parameter is required in the calculation of
torsional spring constants and photodetector sensitivity. This
in no way affects the comparison of the derived lateral force
constants. At this stage we cannot be sure which is the more
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reliable, but the relative simplicity of the Sader method
makes it the more attractive.

B. Torsional photodetector calibration

The torsional detector response due to lateral tilt of the
AFM head (mimicking cantilever twist) is presented in Fig.
2. It can be seen that the detector response is approximately
linear with tilt angle over the detector range from
—10to 10 V and the slope of this line is thus the detector
sensitivity 6. The two data sets presented in Fig. 2 are mea-
sured with a normal deflection signal of 0 V which is a typi-
cal value used in measurements; the two data sets were mea-
sured in air and in water using a commercial liquid cell. As
expected from our optical path calculations,”! the ratio of the
two & values is dependent on the refractive index of the
liquid filling the cell, in this case water ratio is 1.33 (for
calculation of the ratio, gradients were obtained from linear
fits to three consecutive measurements in each geometry).
The significant difference between the & values for the two
cases demonstrates the importance of calibrating for the con-
ditions to be measured. If aqueous measurements are to be
performed then the photodetector calibration must be per-
formed with a liquid cell containing liquid of the same index.
This fact is not generally appreciated. Note also that a small
difference in J'is also expected21 between measurements per-
formed in air if the liquid cell is used or not since the optical
path is slightly modified by the glass of the cell. Our mea-
sured ratio is 0.96, which agrees well with the calculated
value. If, for example, no independent photodetector calibra-
tion is made and the 7 value is used directly from the force
calibration of the cantilever, then this calibration must nec-
essarily be done in the medium to be used or a correction
made based on the refractive index and the geometry of the
liquid cell employed as done here.

The insert in Fig. 2 shows calibration curves taken at
different initial torsional deflection voltages keeping the nor-
mal deflection signal constant at 0 V. This, together with
similar curves taken at different normal deflection voltages,
was conducted to see whether any variation could be ex-

pected over different laser spot positions on the detector. The
6 values obtained from linear regression taken at various
normal deflection voltages are presented in Table I. The two
sets of results presented in this table correspond to calibra-
tions performed with the standard cantilever holder in air and
also with the initial mirror alignment performed with liquid
cell in place, and subsequently removed for the tilting. When
changing from a normal “air alignment” to the alignment for
liquid cell, it is usually necessary to adjust the position of a
mirror employed to direct the laser beam onto the photode-
tector. The gradients of the slopes are virtually identical in
the data set. In neither data set is there any coherent trend
with detector position and the maximum scatter of the data in
Table I is less than 4%. The difference between the average
of each column is negligible, indicating that changes in the
mirror position on this scale can be ignored. The results also
show that the detector signal is linear over a large range
in both normal and torsional deflections and that the laser
spot position on the detector does not affect the calibration
factor 6.

Cannara et al."* recently presented a study of the lateral
photodetector behavior and concluded that it was extremely
nonlinear with laser spot position due to the Gaussian distri-
bution of the laser intensity. In fact, the lateral deflection

TABLE I. Torsional detector sensitivity measured for different normal de-
flection voltages; set points. & was measured as in Fig. 2 in air for two
setups; the laser aligned on a cantilever in a normal air cell (8 in air) and on
a cantilever immersed in water in a liquid cell which necessitated movement
of the mirror (& for tilted mirror).

Set point 6 in air § for tilted mirror
(V) (V/rad) (V/rad)
-2 3.58 X 10° 3.50% 10°
-1 3.60 % 10° 3.53%10°
0 3.52%x10° 3.61 X 10°
1 3.57 % 10° 3.53x10°
2 3.58 X 10° 3.56 X 10°
3 3.54 % 10° 3.56 X 10°
Average 3.56 X 103 3.55%10°
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sensitivity was well fitted by a parabolic function. This has
clear implications for the quantification of the friction force
since it becomes more complex when the detector sensitivity
response becomes a function of the size of the friction re-
sponse! However, the results presented here clearly show a
different trend and that, at least for the case of our instru-
ment, a linear detector response can be achieved over the
entire range of interest for frictional measurements. Thus sig-
nificant differences occur between different instrumental de-
signs, and analysis as performed here and by Cannara et al™
is thus crucial for identifying whether the instrument is
suited for performing friction force measurements.

We note that our calibration, while rather onerous the
first time can be relatively easily repeated, particularly if
automated as described here. Ideally, the torsional sensitivity
could be extracted from the torsional resonance data as re-
cently proposed22 and optimized23 for the normal sensitivity,
and we hope to report on this shortly.

C. Torsional spring constant calibration

Despite the fact that a relatively soft ointment was em-
ployed for attaching the particles for the torsional Cleveland
method, the common feature for all the measurements was a
good linear fit to the mass-frequency curves to calculate k.
Figure 3 presents the torsional calibration results from all the
different methods used in this study versus torsional resonant
frequency. The trend is less clear than in the case of the
normal constant (Fig. 1), though a general increase in k,
with resonance frequency is discernible. All methods return
results in the same range, and the scatter within a given data
set is of the same order between the methodologies. This is,
in fact, a confirmation that all the techniques examined here
have approximately the same merit in terms of accuracy and
that none (or all!) of them suffer from any systematic error.
The fact that the resonance methods agree well with the di-
rect methods is highly reassuring and this is the first time that
these methods have been directly compared. No linear fits
have been made to the data in order to preserve the figure’s
clarity, but it is worth noting that were one to do so the
coefficients of determination fall in the following order:

Sader 0.6, Cleveland 0.5, pivot 0.3, and lever 0.1. This is by
no means hard evidence, but tends to suggest that the Sader
method is the least prone to error. Since it is also the simplest
technique to implement, it would seem reasonable to suggest
that this should be the preferred method henceforth.

As mentioned earlier, another approach to quantify fric-
tion without direct measurement of k is to use the value for
v which can be extracted from the direct (pivot and lever)
methods since the torque and photodetector responses can be
obtained simultaneously. When doing so, one must be sure to
perform the calibration with the same optical path length as
subsequently used for the friction measurement itself (see
above). In Eq. (10) it can be clearly seen that the accuracy of
any determination of & depends on the difference between
unity and the ratio of two measurements which are very
close to one another in magnitude, and thus this value is
rather unstable at small L. Similarly, the accuracy with which
v can be obtained increases with increasing L. To quantify
the reliability with which y can be obtained and over what
values of L, y was extracted from Eq. (9) (k,/6) for the
different L values used for the pivot method, ' and the results
are displayed in Fig. 4. The absolute value of L has been
used—twisting measurements were, in fact, performed from
either side of the cantilever axis as the pivot was ramped
across the cantilever. It can be seen that above about 8§ wm
from the long axis of the cantilever, the data start to plateau
out and tend to the same value as the linearized average
value. Thus for the cantilevers used in the present study,
8 um seems to be about the limit for reliable, single point
torsion calibrations. Interestingly the trend to zero at small
values of L is not a result of inaccuracy in itself—this would
rather lead to scatter—but is suggestive of a systematic error.
This is likely to be due to the assumption that the cantilever
is infinitely thin and that the torque is being applied to a
point in plane with the twist axis of the cantilever. In fact,
this is not the case since the cantilever has finite thickness
(typically of the order of 1 wm), and thus for small L, the
approximation becomes progressively more invalid. The y
value obtained using the lever method on this cantilever is
also shown using a lever length of 127 um and good agree-
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ment is observed between this value and the linearized value
obtained from the pivot method.

Given the simplicity of the Sader technique for obtaining
normal and lateral cantilever spring constants, the major
challenge in friction quantification becomes the calibration
of the torsional photodetector sensitivity. It is by no means
all AFM constructions that lend themselves to the automated
tilting procedure employed here, particularly if liquid cells
are to be employed. Thus, it is interesting to pursue the pos-
sibility of extracting this value by other means. In the de-
scription of the pivot method above it can be seen that the
data returned by the linearization procedure are the spring
constant divided by the torsional sensitivity 6 [Eq. (9)]. Thus
the direct method can actually be “reverse engineered” to
obtain the torsional senstivity if the spring constant can be
accurately obtained from a reliable source—such as the
Sader method. In Table II we present just such calculated
values for ten cantilevers, where k¢ is obtained from the
Sader method and & is obtained from 7, The individual &
values have a certain degree of scatter, but the average value
(3.58 X 10° V/rad) is extremely close to the value for &y,
measured with the external method (3.56 X 10° V/rad). Thus

TABLE II. Calculation of the torsional detector sensitivity in air, according
to 6=k,/y, where k4 and 7y are obtained by the methods of Sader (reduced
length) and (from linearisation plot), respectively.

Sader £, Vpivot S
(Nm/rad) (Nm/V) (V/rad)
3.13x 107 9.82x 1071 3.19%x 103
3.75%107° 1.02%X 10712 3.68 % 10°
459%107° 1.29x 10712 3.56 % 10°
3.91%x107° 1.07 x 10712 3.66 X 10°
4.08X107° 1.02x 10712 4.01X10°
5.07%x107° 1.27X 10712 3.99 %X 10°
5.18X107° 1.33%x 10712 3.90 % 10°
3.69x107° 1.18 X 10712 3.13%x10°
4.85%107° 1.44% 10712 3.38 X 10°
3.54%107° 1.06 X 10712 3.34%10°
Average 3.58 % 10°
Stdev 0.32%x 10

it is possible to obtain a value for & which agrees well with
the externally calibrated one by averaging data obtained
from multiple cantilevers and/or several repeat measure-
ments. In this way, the direct pivot approach can instead be
used to provide a relatively undemanding means of calibrat-
ing the torsional sensitivity.

Equation (10) can strictly be used to obtain & from the
pivot and lever measurements; however, there is large scatter
in the results. To quantify this problem we calculated & using
the data in Fig. 4 and the following values were returned:
Opivor=2-6 X 10° V/rad and 8.y, =5.6 X 10° V/rad. There is
large discrepancy between these values compared with the
value obtained by the independent method Table I, &,
=3.56X 10 V/rad.

Since the reverse calculation gives the same calibration
factor as the tilting of the detector, this indicates that such
calibrations are robust and of universal application for can-
tilevers of the same geometry and also independent of the
small variations in laser spot location on the cantilever be-
tween experiments. Thus, this calibration does not therefore
need to be performed for each experiment, but clearly should
be performed regularly since the laser response may change
slowly with time. In the present study we do not observe any
evidence for in-plane bending of the cantilever.” The ques-
tion might also be raised as to whether the detector sensitiv-
ity is affected by different sum signals in the detector. We
have varied the sum signal by comparing two types of
cantilever—one gold coated the other uncoated, but other-
wise of identical geometry. In the case of the gold coating,
the sum signal on the photodiode was approximately double
that of the uncoated cantilevers. Despite this large difference
in laser intensity on the detector, we obtain the same tor-
sional calibration factor using the reverse calculation for
both the cantilever types, confirming that the calibration is
sum signal independent.

IV. CONCLUSIONS

Any residual doubt as to whether the direct, static meth-
ods for spring constant measurement return the same value
as the dynamic ones are now essentially laid to rest. While
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there is rather more scatter in the torsional constants than the
normal ones, this probably reflects the fact that the normal
constant is prerequisite in obtaining the torsional one which
is a rather more involved process. The overall agreement
between the techniques is good with the dynamic techniques
appearing to have slightly less scatter—the Sader method
was marginally more robust. Of the direct methods there
appeared to be less scatter in the pivot method.

However, the torsional spring constant is only half the
issue since it is actually the lateral photodetector signal
which is measured, and this needs to be calibrated in terms
of angle. There is no obvious torsional analogy to the so-
called sensitivity or constant compliance measurement
against a hard substrate for the normal calibration” which
can be performed in situ during the experiment. Thus, it is
crucial to calibrate the torsional detector sensitivity for the
medium and geometry to be employed in the experiment,
and a convenient means of doing so has been presented. We
also demonstrate that if the experimental geometries and re-
fractive indices are well known, it is possible to calculate
precisely how the sensitivity will change for a given set of
conditions which facilitates, for example, performing cali-
bration in air while experiments are performed in liquid. It is
still necessary, however, to perform a sensitivity calibration
for at least one of the experimental geometries. Thus, one of
the advantages of the rather more cumbersome direct meth-
ods is that the torsional sensitivity can be extracted from the
torsional calibration factor if combined with the torsional
spring constant obtained from the Sader method. Since many
commercial AFMs are not suited to the direct external
method employed here, this observation provides a useful
and straightforward means of quantifying lateral force data

The most convenient method to use by far is that of
Sader et al., and since it also appears to be the most reliable
there would seem to be little reason to employ any other
method—though we note that it is not always trivial to ac-
cess the torsional frequency. For frictional studies in liquid, it
would appear most convenient to calibrate both the torsional
detector sensitivity and the torsional spring constant in air
and then calculate the sensitivity to be employed in the rel-
evant liquid. There is thus no impediment to quantitative
measurement of friction with AFM, for example, with the
colloid probe technique due to issues of accuracy with cali-
bration of the torsional spring constant and the deflection
sensitivity.
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