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Experimental validation of theoretical models for the frequency response
of atomic force microscope cantilever beams immersed in fluids
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Detailed measurements of the frequency responses of a series of rectangular atomic force
microscopg AFM) cantilever beams, immersed in a range of fluids, have been performed to test the
validity and accuracy of the recent theoretical model of SadleAppl. Phys84, 64 (1998]. This
theoretical model gives the frequency response of a cantilever beam, that is immersed in a viscous
fluid and excited by an arbitrary driving force. Very good agreement between experimental
measurements and theoretical calculations is found for all fluids considered. Furthermore, a critical
assessment of the well-known inviscid model is presented, which demonstrates that this model is not
applicable to AFM cantilever beams in general. 2000 American Institute of Physics.
[S0021-897€00)02007-1

I. INTRODUCTION can lead to significant errofsThis provided the motivation

or the development of the recent theoretical model by

. f
It has long been recognized that the frequency responses, 4o 21 which included the effects of fluid viscosity for the
of atomic force microscop@AFM) cantilever beams depend first time. The theoretical model presented in Ref. 21 shall

. . . . 1l
strqngly on the fluids in which they are immersed: Ex- henceforth be referred to as thiscous modelin contrast to
perimental measurements show that. th(_a.frequency spectra fﬁe models discussed earlier, this theoretical model rigor-
these cantilever beams broaden significantly and shift t(?)usly accounts for the true geometry of the beam and is valid

lower frequencies 'When they are pIac;ed n fluid. In particU-tor 4 fluid of arbitrary density and viscosity. The fundamen-
lar, when the cantilevers are placed in air, the resonant fret-a| assumptions of the viscous model are-

guencies are reduced typically by a few percent, whereas the
quality factors exhibit reductions of three orders of magni-(1) The beam has a uniform cross section over its entire
tude from their values in vacu@*®immersions in liquid length;
result in even greater changes to the frequency responsd®) The lengthL of the beam greatly exceeds its nominal
with resonant frequencies and quality factors being an order Wwidth b;
of magnitude smaller than their corresponding values i3) The beam is an isotropic linearly elastic solid and inter-
air2:35-10 nal frictional effects are negligible;

Unlike the calculation of the resonant frequencies of a(4) The amplitude of vibration is far smaller than any length
cantilever beam in vacuo, which can be performed analyti- scale of the beam;
cally in many cases of practical interest, the frequency re{5) The fluid is incompressible in nature.
sponse of a cantilever beam immersed in a fluid poses a o o o
formidable challenge. At present, several theoretical model&!! these criteria are satisfied in many cases of practical in-
exist for its calculatio1®12-2°The most simplistic model t€rest, as was discussed in Ref. 21. o
makes the heuristic analogy with the dynamical motion of a | e above criteria were also used in the derivation of the
sphere through a viscous fiLtd:#2° Despite its physically well-known inviscid result due_ to _Ch’tf, for a cantlle_ver
dubious foundations, this model has been used widely if?€am of rectangular cross section immersed in a fluid
many fields and applications. A second, more rigorous
model, assumes that the cantilever is immersed in an inviscid ~ @fiuid
fluid,2*122% e, a fluid with zero viscosity. This model has Ovac 1+
found great utility in explaining and predicting the behavior
of macroscopic cantilever beams immersed in fluid, i.e.wherewﬂuid and Wy 8re the radial resonant frequencies in
beams of length~1 m. The applicability of such inviscid fluid and vacuum, respectively,is the density of the fluidp
formulations to AFM cantilever beams, however, has hith-andh are the width and thickness of the beam, apds the
erto not been rigorously established. Indeed, it has been sugensity of the bear? This model shall henceforth be re-
gested that the implementation of such inviscid formulationserred to as thénviscid modelWe emphasize that this model
gives no information about the total frequency response of
Author to whom correspondence should be addressed; electronic maifl€ beam, but only indicates the positions of the resonance
j.sader@ms.unimelb.edu.au peaks. Nonetheless, good accuracy in comparison to experi-
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pwb?
4n

wherep and 7 are the density and viscosity of the fluldjs
the width of the beantsee Fig. ], andw is a characteristic
radial frequency of vibration. We emphasize that in the limit
as Re-o, the fluid can be considered to be inviscid in na-
ture, and the fluid viscosity does not affect the frequency
response. However, for finite values of Re, the viscosity can
have a significant influence, and is predicted to do so for
AFM cantilever beam$!

The general formula for the frequency response of a can-

_ o _ _ tilever beam, that is immersed in a viscous fluid and excited
FIG. 1. Figure of rectangular beam showing dimensions. Thickness of bearE) an arbitrary driving force is
is h. The origin of the coordinate system is at the center of mass of the cros! y y g

section of the beam, at its clamped end.

, )

Re=

W(X|w)= fole(x,x’|w)§(x'|w)dx', (3)

mental measurements of macroscopic cantilevers has beerh ~ is th . ¢ f the deflect
demonstrated, the details of which are presented in Ref. 13/"€r¢ W(X|w) is the Fourier transform of the deflection

In this article, we give a detailed assessment of the aclunction of the beamG(x,x’|w) is the Green's function of

curacy and validity of the viscous model and the inviscidthe car}tilever'b'earrs(x’|w) is tr)e Fourier transform of the
model, when applied to rectangular AFM cantilever beam&orm"’_‘“zed driving force, anl x’ are the normalized Sp"_"t'al
that are immersed in fluid. Cantilever beams with rectangula?Oordlnates that run along the length of the beiaee Fig.
cross sections are chosen for this comparison, since the rect~

angular geometry is commonly encountered in
practice®~®9-11 As our benchmarks, we measure the fre-
qguency responses of two sets of cantilever beams. The fir
set of cantilever beams are exactly rectangular in geometry »
and present an ideal system, whereas the second set have B(w)=C;\/
irregular and, hence, nonideal properties. Consequently,
measurements on these two sets of cantilever beams enalberew,, ; is the fundamental radial resonant frequency of
us to assess the accuracy of the theoretical models, and ethe beam in vacuumy = p:bh is the mass per unit length of
amine their validity under ideal and nonideal conditions.the beanf?andC;=1.875104... is the smallest positive root
This is particularly important since many cantilever beamsof 1+ cosC; coshC,;=0. The functionI'(w) is termed the
encountered in practice are not exactly rectangular in‘hydrodynamic function” and it depends purely on the cross
geometry>>1° To investigate the validity of the theoretical section of the beam and the Reynold’s number Re. An ex-
models under a wide range of conditions, we present resultglicit analytical expression foF(w) for a beam of rectangu-
for cantilever beams immersed in six different media: vacuolar cross section is given in ER0) of Ref. 21; this formula

air, acetone, water, 1-butanol, and carbon tetrachloride. is derived under the assumption that the wibtbreatly ex-

We commence by summarizing the principal results ancteeds the thickneds of the beam, which is the case most
formulas for the viscous model in Sec. Il. In Sec. Il we often encountered in practice. This formula is used in all
outline the experimental procedures and methodologies, thealculations presented in this article.
details of which are given in the Appendix. This will be For reasons to be discussed in the following sections,
followed by a detailed comparison of the experimental andexperimental results will only be given for the thermal noise
theoretical results in Sec. IV. Finally, we will summarize the spectra of the cantilever beams. The corresponding theoreti-

The properties of the beam and the fluid are specified
within the Green’s function, by way of a functioB(w)
g\{hich is defined by

1/4

mpb?
, (4)

I'w)
o

1+

Wyac,1

principal findings of the investigation in Sec. V. cal formulas are
* 2
IIl. VISCOUS MODEL |\7V(X|w)|2:3”kBT D |an(w)] b2(x), (43
. . . . Sk &L CHglan(w)?de” T
In this section, we summarize the principal results of the
depn(x)]?

viscous modef! As discussed earlier, this model gives the (9W(X|w)‘2 3mkgT lag(w)|?
frequency response of a cantilever beam, that is excited b = vy NIZ2a ,
. . . . . . IX kK 5=1Cpfilan(o)|*do

an arbitrary driving force and immersed in a viscous fluid. b

The assumptions implicit in this model are listed earlier. We (4b)
focus on beams of rectangular cross sectsee Fig. 1, but  where the subscripg refers to the spectral densitl,is the
stress that the viscous model is applicable to beams of arbspring constant of the beaiky is Boltzmann’s constant, is
trary cross section. absolute temperature, ari, is the nth positive root of 1

To begin, we note that the parameter which characterizes- cosC,,coshC,=0. Equation(4a) gives the power spectral

the importance of viscous effects is the Reynold’s numbedensity of the deflection function of the beam, whereas Eq.
Re, which is defined by (4b) is the corresponding expression for the slope. The func-

dx

B
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tion ¢,(x) is the deflection function of mode of the beam,
whereas the function,(w) depends ofB(w), the details of
which are given in Ref. 21.

The viscous model also predicts that in the limit of small
dissipative effectdi.e., for large quality factops the fre-
guency response of each mode of the beam is well approxi-
mated by that of a simple harmonic oscillat®HO). In
these cases, the amplitude response functim) of each
mode is given by the well-known result

Aowé,n
Alw)= : )

2 2

w an

2 2 \2 '
\/(w —wRyn) + Q2

n

where A, is the zero frequency amplitude of the response,
wr IS the radial resonant frequency of moden the ab-

sence of dissipative. effects, al@L is the qua"tY factor of FIG. 2. Schematic depiction of the calibrated cantile\€$,C2 and prac-
moden. The respective formulas fasg , andQ, in Eq.(5) tical cantileversP1-P5.

are
RN prz —-1/2

Oyacn 1+ Wrr(‘”R,n) (6a) ideal properties of the calibrated cantilevers, and have been

’ chosen specifically for this reason. In particular, these canti-

and lever beams are made from low pressure chemical vapor

4p deposition(LPCVD) silicon nitride which is coated with a

W"_Fr(wR,n) layer of gold to improve its reflectivity. Consequently, the

QHZW' (6b)  material properties and dimensions of these cantilever beams

are unknowna priori,*® and need to be measured. The de-
whereI’, andT’; are the real and imaginary components oftails of these measurements are given in the Appendix. Fur-
I'(w), respectively, andw,,., is the radial resonant fre- thermore, the ends of the beams are cleaved and an imaging
guency of moden in vacuum. tip is presenisee Fig. 2 Measurements on these cantilever
We emphasize that Eq$5) and (6) are valid for all beams are used to assess the validity of the theoretical mod-
displacement and slope spectra, i.A(w)=|\7V|, |\7\/|S, els under nonideal conditions, which is of fundamental im-

|0W/ x|, and|aW/dx|s, and have been derived formally in Portance in practice. These cantilevers are denoted P1-P5,
the limit of small dissipative effects, i.eQ,>1. This limit- ~ and their dimensions and properties are also given in Table I.
ing formulation of the viscous model shall be henceforth ~ The thermal noise spectra of the two sets of cantilever

referred to as thé&SHO model The practical limitations of beams, immersed in a range of fluids were measured. This
this model shall be examined in detail in the next section. ensured that other resonances, such as those due to the can-

Finally, we note that in the limit as Re, the viscous, tilever holder and acoustic modes in the fluid cell, were not
SHO, and inviscid models are identical. present in the resulfsMeasurements were undertaken with
the beams immersed in vacuo, air, water, 1-butanol, acetone,

and carbon tetrachloride (CgIl These media were chosen
I1l. MEASUREMENTS

Two sets of cantilever beams are used in this study, a
schematic depiction of which is given in Fig. 2. The first setTABLE I. Lengths L, aspect ratiosd /b, and spring constantg of the
of cantilever beams, henceforth referred to adibrated practical cantilever§P1—P5 and the calibrated cantilevef€1,C2. All
cantilevers“'23 are fabricated from undoped and uncoatedpractical cantilevers have identical widths, thicknesses and average densi-
. . . . . ties: b=20um, h=0.44um, p,=5300 kg T 3. All calibrated cantilevers
single crystal silicon, the material properties of which are, . . ijentical widths, thicknesses and densities29 zm, h=2 um, p,
accurately knowrl® They have been micromachined to en- = 2320 kg m 2.

sure an exact rectangular geometry, and their dimensions are

specified to within a high tolerance by the manufacturer. L L k

Consequently, these cantilever beams present an ideal sys- Cantilever (um) b (Nm™
tem, measurements upon which are used to rigorously assess  p; 203 10 0.010
the accuracy of the theoretical modélsThese cantilevers P2 160 8 0.019
are denoted C1 and G2ee Fig. 2 and their dimensions and P3 128 6 0.038
properties are listed in Table I. P4 105 > 0.064

The second set of cantilever beams, henceforth referred gi 3; 13 8'12

to aspractical cantilevers'® also have a rectangular cross e 197 7 13

section. However, these beams do not possess the highly

7
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TABLE Il. Viscosities » and densitiep of the five fluids used in this study. 1 i
All values are at a temperature of 27 °C, which corresponds to experimental g " :‘
conditions used in all measurements. g 08 h A
W 1-Butanol TR e
U P £ 06} .,
Fluid (kgm s (kgm™) = : _(\ Acetone g
Air 1.86% 10°5 1.18 T 04 |4 . sy
Acetone 3.08< 104 785 | .,_,/
CCl, 8.79%x 10°* 1590 = 02 .
Water 8.59x 10 * 997 =
1-butanol 2.47¢ 10°® 805 1]
il 2 4 {i H 10 12
Frequency (kHz)

for their significantly different properties, a listing of which , _ _
FIG. 3. (Color) Plot of thermal noise spectra of longest P1 practical canti-

IS given in Table II. . lever immersed in air, acetone, and 1-butanol. Only the fundamental reso-
The measured spectra were fitted to the response of gince peak is shown. Results are normalized so that the peaks in air, ac-

simple harmonic oscillator with an added white noise flooretone, and 1-butanol are at 1, 0.6, 0.5, respectively.

(see Appendix for detailsIn this way, precise values for the

resonant frequencies and quality factors of the modes could

be found. We note, however, that this procedure was not

always possible, the reasons for which shall be discusseepsity can significantly affect the frequency response of
later. All spectra were measured using the optical deflectioMFM cantilever beams and suggest that the viscosity should
technique. Consequently, only results for the slope of théot be neglected in its calculation. The performance, validity,
beam are presented. Details of the experimental setup ar@&hd accuracy of the viscous model in comparison to the in-

methodology are given in the Appendix. viscid model are examined in detail below. Results for the
calibrated cantilevers and practical cantilevers are presented
IV. RESULTS AND DISCUSSION separately.

In this section, we assess the accuracy and validity of th@ - Calibrated cantilevers

theoretical models by presenting a comprehensive and de- First, we examine the effects of immersing the calibrated
tailed comparison with experimental measurements. cantilevers in air. In Table Il we present a comparison of
To begin, we investigate the qualitative effect of placingexperimental and theoretical results for the fundamental
a cantilever beam in fluid. Air, acetone, and 1-butanol argesonant frequencies in air and vacuum. The Reynold’s num-
used in this initial study, and experimental results for thebers Re evaluated at the experimentally measured resonant
thermal noise spectra of the longest practical cantilever Pirequencies are also indicated. We emphasize that in all cases
(see Table)lare given in Fig. 3. Only the fundamental reso- the theoretical results for the resonant frequencies in vacuum
nance peaks are shown. Note the dramatic effect the liquidare obtained from measurements of the frequency spectra in
have on the frequency response, reducing the resonant frair. Results from three different theoretical models are given:
quency by an order of magnitude and significantly broaden- (1) Viscous modelEg. (4b) for the slope of the beam is
ing the spectra; these results are in line with previouditted to the fundamental resonance peak in air, using the
measurements®>®8-1%e point out that the densities of radial resonant frequency in vacuum,. , as a fitting param-
acetone and 1-butanol are almost identical, but their viscosieter. A nonlinear least squares fitting procedure is é8ed.
ties differ by an order of magnitudesee Table Il. Further- (2) Modified SHO modelThis model uses the property
more, the frequency spectrum of the P1 practical cantilevethat the shift in the resonant frequency from vacuum to fluid
immersed in acetone differs greatly from that in 1-butanol.is primarily due to inertial effects in the flufd. From Eq.
Consequently, these measurements indicate that the fluid vigsa) of the SHO model, we then obtain

TABLE Ill. Fundamental resonant frequencieim vacuum and air of the calibrated cantilevers. Subscripts air

and vac refer to results in air and vacuum, respectively. Superscripts visc, MSHO, and inv refer to results
obtained by the viscous, modified SHO, and inviscid models, respectively. Reynolds numbers Re evaluated at
the experimental resonant frequencies are shown. Percentage relative shifts from air to vacuum are indicated in

parentheses.
Experiment Theory
fair frac fas flae © flae
Cantilever (kHz) (kHz) (kHz) (kHz) (kHz) Re
C1 17.36 17.52 17.53 17.52 17.41 6
(0.92% (0.98% (0.92% (0.29%
c2 69.87 70.26 70.31 70.31 70.07 26

(0.56% (0.63% (0.63% (0.29%
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TABLE V. Resonant frequenciefsof mode 2 of the calibrated cantilevers TABLE V. Quality factorsQ of the calibrated cantilevers in air for modes 1
in air. Subscripts exp and visc refer to results obtained experimentally andnd 2. Subscripts exp and SHO refer to results obtained experimentally and

from the viscous model, respectively. from the SHO model, respectively.
fexp fuisc Mode 1 Mode 2
Cantilever (kHz) (kHz) )

Cantilever Qexp Qsho Qexp Qsto

C1 109.3 109.3
co 4385 4387 c1 55.5 55.0 170 169
C2 136 131 395 357

’7pr2 1/2 - -
Wyac= @nyid| 1+ ——— . I't(ogig) | (7)  particular, note that for the longest cantilever @spect ra-

tio L/b=14) the difference between the theoretical and ex-
where w . and wq,ig are the radial resonant frequencies in perimental results for modes 1 and 2 €51%. Since the
vacuum and fluid, respectively. Equati6n will give virtu-  quality factor is measured only to within an accuracy of 1%
ally identical results to the viscous and SHO models, pro{see Appendix the difference between the theoretical and
vided the quality factor greatly exceeds urfitywhich is  experimental results is not discerible in these cases. How-
typically the case when the cantilever beams are immersed igver, for the calibrated cantilever Gaspect ratid_/b=7)

air, as we shall see below. . ~ the errors in the theoretical results are slightly larger: 4% for
~ (3) Inviscid model The resonant frequency in vacuum is mode 1, and 10% for mode 2. These findings are in line with
given by Eq.(1). the above discussion, which indicates that decreasing the as-

It is evident from the data in Table Ill that excellent pect ratio and increasing the mode number Compounds the
agreement exists between the experimental measuremerifors of the model. Even so, the errors in all cases are small.
and the theoretical predictions of the viscous model, Eq. Next we examine the effects of immersing the longest
(4b), and the modified SHO model, E¢7). Indeed, these cantilever C1 in liquid. Results for the fundamental resonant
models give virtually identical results for both cantilever frequencies of this cantilever immersed in acetone, ,CCl
beams, as was predicted above; the condition that the qualityater, and 1-butanol are presented in Table VI. Note that this
factors greatly exceed unity is satisfied, as we shall see beantilever has a fundamental resonant frequency in vacuum
low. Furthermore, note that the relative shift in the resonanbf 17.5 kHz. Consequently, the results in Table VI show that
frequency from vacuum to air increases as the Reynold'§iquids have a dramatic effect on the frequency response;
number Re is reduced. These results are to be compared witBsonant frequencies are 2.8—4.5 times smaller than their val-
the predictions of the inviscid model, which gives a constanyes in vacuum. Also shown in Table VI are the predictions
relative shift in frequency of 0.3% for both cantilever beams.of the viscous model, Eq4b), the inviscid model, Eq(1),
These findings demonstrate that viscous effects enhance th@d the SHO model gives the following expression for the
relative shift in frequency from vacuum to air, as was pre-radial resonant frequenayy,q in fluid,
dicted in Ref. 21.

Using the viscous model, E¢b), the resonant frequen- oo 1o 9 L
cies of the higher harmonidse., mode 2 and aboyén air Ofuid= RN 2Q¢ "2, )
can be calculated from a knowledge of the fundamental reso-
nant frequencies in vacuum,,. ;. In Table 1V, the validity
of such calculations is demonstrated for the 2nd harmonievhere wg , and Q, are defined in Eqgs(6a and (6b),
(mode 2 in air, where excellent agreement is found betweerrespectively’® Note the good accuracy achieved by the vis-
theoretical and experimental results. These results also sereeus model in comparison to the experimental measure-
to demonstrate the highly ideal nature of the calibrated canments, with errors not exceeding 5% in all cases. It is inter-
tilevers. Measurements of harmonics higher than mode 2sting to note that the SHO model gives similar predictions
were precluded by the relatively high spring constants ofo the viscous model. However, the finding that better accu-
these cantileverésee Table)l racy is obtained from the SHO model is incidental, since the

In Table V we compare the theoretical and experimentaSHO model is an approximation to tkitill) viscous model
results for the quality factor® of the fundamental mode (see Sec. )l We shall have more to say about the SHO
(mode 1 and the 2nd harmonitmode 2 in air. The theo- model below. These results for the viscous and SHO models
retical results are obtained by substituting the known valueare to be compared to the predictions of the inviscid model,
of the resonant frequencies in vacuifrinto Egs.(6) of the  whose errors range from 25% to 101%. Note that these errors
SHO model; these results are expected to be valid when theorrelate directly with the Reynold’s number Re; a reduction
quality factor is large. Before discussing the results, we notén Re corresponds to an increase in error. This finding sup-
that the assumption that the lengthgreatly exceeds the ports the claim that the omission of viscous effects is prima-
width b of the beam is implicit in the viscous model. There- rily responsible for the error in the inviscid model. We also
fore, a reduction in aspect ratld’b is expected to decrease point out that qualitative disagreement occurs between the
the accuracy of the theoretical results. A similar increase innviscid results and the experimental measurements in some
error is also expected as the mode number incrédsBse  cases. For example, the experimental measurements show
results in Table V give the first indication of such effects. Inthat the resonant frequency in water is greater than that in

0, otherwise
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TABLE VI. Fundamental resonant frequenciesf the C1 calibrated canti-  vjscid model is expected to be valid in the limit Ree, and

lever in liquid. Subscripts exp, visc, SHO, and inv refer to results obtaineo\Ni” give identical results to the viscous and SHO models in
experimentally and from the viscous, SHO, and inviscid models, respec-

tively. Reynolds numbers Re evaluated at the experimental resonant fréhat case.
quencies are shown. Percentage relative errors with respect to experimental In Table VIII we present results for the fundamental

results are indicated in parentheses. mode quality factors of the cantilevers in liquid. In all cases,
; ‘. ; . note the very good agreement between the experimental
Fluid kHp kD) (kM2 (kH2) Re measurements and the theoretical results of the SHO model.
Good agreement between the SHO model and experimental
Acetone 6.35 (3?,/%7 (13)29 (251/'?6 2L yesults was also obtained for the resonant frequencies in lig-
ccl, 4.22 4_80 4.;6 5.901 10 uid (see Tables VI and V]I Consequently, the results given
(5%) (1%) (40%) in Tables VI, VII, and VI, indicate that if the quality factor
Water 5.04 4.79 4.99 7.22 8  Q=1, then the SHO model is valid, which is particularly
(5%) (1%) (4399 interesting given that the SHO model is derived formally in
1-butanol 3.93 ( 43%59 (531/;))14 (1017;;8 2 the limit of very large quality factors, i.eQ>1.

B. Practical cantilevers

1-butanol, whereas the inviscid model predicts exactly the  We now turn our attention to thpractical cantilevers
opposite behavior. These results demonstrate that the redughich are not perfectly rectangular in geometry, and conse-
tion in the resonant frequency from water to 1-butanol isquently assess the validity of the theoretical models under
primarily due to the difference in the viscosities of the lig- such nonideal conditions. In Table IX we examine the effects
uids. These findings also agree with theoretical predictions of immersing the cantilevers in air. Theoretical results for the
which indicate that viscous effects enhance the shift in freresonant frequencies in vacuum have been calculated using
quency from vacuum to liquid. the measured spectra in air; details of these calculations are
In Table VII we present the corresponding results for theidentical to those used in Table IlI for the calibrated cantile-
fundamental resonant frequencies of the shorter cantilevarers. Even under these nonideal conditions, we still observe
C2, whose resonant frequency in vacuum is 70.3 kHz. Agaigjood agreement between the experimental measurements in
we find good agreement between the experimental measurgacuo and the theoretical predictions of the viscous and SHO
ments and the predictions of the viscous and SHO modelsnodels. These results also show that the viscous and SHO
We note, however, that the errors in the viscous model arenodels are accurate if the aspect ratid>4,2° even though
slightly larger than those obtained for the C1 cantilever. Thighese models are derived formally in the limitlab—co. In
finding is consistent with a reduction in aspect ratith,  contrast to the predictions of the viscous and SHO models,
which is expected to reduce the accuracy of the modelhe inviscid model predicts a constant relative shift of 0.4%
Nonetheless, the errors in the viscous model are small in alh the resonant frequency for all cantilevers, which clearly
caseg=8%). Again we emphasize that the better agreementontradicts the experimental measurements.
generally exhibited by the SHO model is incidental and can-  In Table X, we present results for the resonant frequen-
not be guaranteed for reasons discussed earlier. In contrastdfes in air of mode 2. The theoretical results have been cal-
the predictions of the viscous and SHO models, we find thagulated from the fundamental resonant frequencies in
the accuracy of the inviscid model improves for the C2 canvacuum, using the viscous model. Note that good agreement
tilever in comparison to the C1 cantilever; errors betweerbetween theoretical and experimental results is obtained in
8% and 31% are found here. This improvement in accuracyll cases. However, the theoretical results do not display the
can be understood by noting that the Reynold’s numbers fosame accuracy that was exhibited for the calibrated cantile-
the C2 cantilever are significantly larger than those for thevers(see Table IV. This is to be expected, since the canti-
C1 cantilever(compare Tables VI and V) indicating that  levers do not have an ideal geometry. The discrepancies ex-
viscous effects are less important here. We note that the irhibited here are consistent with the presence of an imaging
tip, which will increase the ratio of the resonant frequency of
mode 2 to that of mode 1. Nonetheless, these results indicate
TABLE VII. Fundamental resonant frequenciesf the C2 calibrated can-  that the imaging tips and the cleaved ends of the cantilevers
tilever in liquid. Details as in Table V. do not exert a large influence on the frequency responses
since the errors are small in all cases.

fexp fvisc fSHO finv . .

Fluid (kHz) (kHz) (kHz) (kHz) Re Corresponding results for the quality factors of the fun-
Acetone 205 280 281 319 99 damental mode and the 2nd harmonic in air are given. in
(5%) (5%) (8%) Table XI. Note the good agreement between the theoretical
ccl, 20.8 19.4 19.7 23.7 50 and experimental results, with errors not exceeding 4% for
(7%) (6%) (14% mode 1, and 9% for mode 2. We point out, however, that the
Water 252 23.5 6203-8 29.0 39 errors for mode 2 are approximately independent of the as-

1-butanol 041 (72/;)_1 ( 2/;)_9 (153/;)_6 10 pect ratioL/b. This_finding is inconsistent with the_expecta-
(8%) (5%) (31%) tions of the theoretical model, whose error should increase as

the aspect ratio is reduced, as was observed for the calibrated
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TABLE VIIl. Fundamental quality factor® of the calibrated cantilevers in  TABLE X. Resonant frequencidsof mode 2 of the practical cantilevers in
liquid. Subscripts exp and SHO refer to results obtained experimentally andir. Subscripts exp and visc refer to results obtained experimentally and

from the SHO model, respectively. from the viscous model, respectively.
Cantilever C1 Cantilever C2 fexp fuisc
) Cantilever (kHz) (kHz)
Fluid Qexp QsHo Qexp QsHo
P1 65.78 65.35
ccl, 2.0 2.1 3.7 3.7 P3 1527 151.6

cantilevers. Therefore, these results also indicate that the im-
aging tips and cleaved ends may be exerting a small but
significant influence. In Fig. 4(b) we present analogous results for the SHO
Next we examine the validity of the theoretical models model. The results for the inviscid model are also shown and
when the practical cantilevers are immersed in the four ligthe scaling of the axes is identical to Figaxto facilitate
uids. In Fig. 4 we plot the errors in the viscous, SHO, andcomparison. These results show that the SHO model gives
inviscid models for the resonant frequencies in liquid ofsimilar accuracy to the viscous model in the majority of
modes 1 and 2. The error is plotted as a function of thecases, with the exception occurring at low Reynold’s num-
Reynold’'s number Re, which has been evaluated at the exers. We note that if Eq(6b) gives a quality factorQ
perimentally measured resonant frequencies. Consequentl1/y/2, then the SHO model will predict that the resonant
each plot contains results for all five cantilevers immersed irfrequency is zergsee Eq.8)]. This contrasts with the pre-
the four liquids. The straight solid lines in Fig. 4 indicate dictions of the viscous moddfrom which the SHO is de-
exact correspondence between theory and experiment. hived), which indicate that the resonant frequency is never
Fig. 4(a) we present results for the viscous and inviscid mod-zero(see Ref. 21 for detailsThis erroneous behavior of the
els. Note that the error in the inviscid model depends princiSHO model explains the increase in error at low Reynold’s
pally on the Reynold’s number Re, with all results collapsingnumbers observed in Fig.(l9); note that the downturn in
onto a single curve. These results clearly demonstrate thatccuracy occurs when E(Bh) gives a quality factoQ=<1.
the error in the inviscid model is mainly due to the neglect ofWe also point out that at the two left most points in Figh)4
fluid viscosity since a decrease in the Reynold’s number i$where Eq.(6b) produces a quality facto@<<1], we were
accompanied by an increase in error. These results are to lmable to fit the experimental spectra to the response of a
compared with those of the viscous model, which displaySHO (see Appendix This supports the theoretical prediction
good accuracy for all cantilevers and liquids. Interestingly,of the viscous model that the frequency response of a canti-
however, the errors in all these cases are approximately cotever beam differs from that of a SHO in such ca%es.
stant(~10%) despite the varying aspect ratios of the canti-  The analogous comparison between theory and experi-
levers. As discussed earlier, this behavior indicates that thment for the quality factors of modes 1 and 2 in liquid is
imaging tip and cleaved ends may be affecting the frequencygiven in Fig. 5. As for the calibrated cantilevers, we again
response. We shall examine this possibility further belowfind good agreement between the theoretical predictions of
Also note that the results of the inviscid and viscous modelshe SHO model and the experimental results. However, since
approach one another at large Reynold’s numbers. This e were unable to fit the response of a SHO to the measured
expected, since these models are identical in the limit aspectra in cases where E@b) gave a quality factoQ<1,
Re—wo, results for these cases do not appear in Fig. 5.

TABLE IX. Fundamental resonant frequencies vacuum and air of the practical cantilevers. Details as in

Table lIl.
Experiment Theory
fair fvelc fxi::? f\vaiHo fi/navc
Cantilever (kHz) (kHz) (kHz) (kHz) (kHz) Re

P1 10.31 10.50 10.54 10.53 10.35 0.4
(1.8% (2.2% (2.1% (0.4%

P2 15.61 15.84 15.89 15.89 15.67 0.6
(1.5% (1.8% (1.8% (0.4%

P3 24.03 24.34 24.40 24.39 24.13 1.0
(1.3% (1.5% (1.5% (0.4%

P4 36.85 37.24 37.33 37.32 37.00 15
(1.1% (1.3% (1.3% (0.4%

P5 64.26 64.80 64.96 64.95 64.51 2.6

(0.9% (1.1% (1.1% (0.4%
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TABLE XI. Quality factorsQ of the practical cantilevers in air for modes 1
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and 2. Subscripts exp and SHO refer to results obtained experimentally and 7 o Mode 1
from the SHO model, respectively.
o Mode 2
Mode 1 Mode 2 5
Cantilever Qexp QsHo Qexp Qsho
P1 17.6 17.3 62.7 58.9
P2 22.7 23.1 83.2 75.8 Qo 3
P3 31.2 30.9 107 97.7
P4 41.7 41.0 136 125
P5 60.3 58.3 184 169 2
1.5
1
1 1.5 2 3 5 7
Qexp
4 ° o Inviscid Model FIG. 5. Plot of quality factorQgo VS Qeyp for modes 1 and 2 of the
nviscid Mode practical cantilevers immersed in the four liquids. Subscripts exp and SHO
e Viscous Model refer to results obtained experimentally and using the SHO model. The
o straight line indicates exact correspondence between theory and experiment.
3
£ theory o The good agreement between the experimental measure-
T 5 °s ments and theoretical calculations of the SHO model for the
exp ) resonant frequencies and quality factors of both sets of can-
%‘bgo tilevers(see Figs. 4 and 5, and Tables Ill, V-IX, )Xkstab-
e%%o lishes the validity of the SHO model in cases where ([B)
L 1 oo smsensscamsctescns predicts a quality factoQ=1. For other cases, the analogy
with the response of a SHO is invalid.
0 C. Thermal noise spectra
0.3 1 3 10 30 1060 300 . . .
We now present a comparison of theoretical and experi-
(a) Re mental results for the thermal noise spectra. The longest
practical cantilever P1 is employed in this comparison. This
3 cantilever has the smallest spring constant of all cantilevers
4 o Inviscid Model (sge Tablg)l, and accordi.ngly producgs the gre:?\test ther_mal
noise. This feature provides the rationale for its selection.
¢ SHO Model . . . .
Even in this optimal case, however, the sensitivity of the
3 ° experimental apparatus restricts the frequencies over which
the thermal noise spectrum of the cantilever can be mea-
f theory ° sured, as we shall discuss below. Since measurements are
foo 2 %o performed using the optical deflection technique, we only
P °% present results for the slope of the beam. Consequently, Eq.
Q’e,e (4b) of the viscous model is used in all theoretical calcula-
! R o600 tions. Results for the thermal noise spectrum of the end of
. bl LTI the cantilever are given. These results are normalized so that
the peak of the fundamental resonance is at unity.
* In Fig. 6@ we compare theoretical and experimental
0 results for the thermal noise spectrum of the P1 cantilever
03 1 3 10 30 100 300 immersed in air. The resonance peaks for modes 1 and 2 are
(b) R shown. Note the good agreement between theory and experi-
€

FIG. 4. Plot of fyeony/fexp (f is the resonant frequencyhere theory and

ment in the neighborhood of each resonance peak. However,
away from the resonance peaks, discrepancies exist between

exp refer to results obtained theoretically and experimentally, for modes the theoretical and experimental results. These discrepancies
and 2 of all the practical cantilevers immersed in the four liquids. Resultsare believed to be due to limitations in the sensitivity of the

plotted as a function of the Reynold’s number Re evaluated at the exper|
mental resonant frequencies in liquid, @ the viscous and inviscid mod-

experimental apparatus. To investigate this possibility, we

els, (b) the SHO and inviscid models. The straight line indicates exact coriNSpected the experimental noise spectrum of the cantilever
respondence between theory and experiment.

within the frequency range 220-280 kHz and found it to be
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FIG. 6. (Colorn Thermal noise spectrum of the slope at the end of the P1FIG. 7. (Color) Thermal noise spectrum of the slope at the end of the P1
practical cantilever immersed in air. Results obtained experimentadty practical cantilever immersed in water. Results obtained experimefitadly
curve and using the viscous modéblue curve are shown. Results are curve and using the viscous modéblue curve are shown. Results are
normalized so that the peak of the fundamental resonance is at (@ity. normalized so that the peak of the fundamental resonance is at (@ity.
White noise floor in measurements neglected in the theoretical calculationdvleasured fundamental resonant frequency in vacuum of 10.5 kHz used
(b) White noise floor measured at 250 kHz included in the theoretical calin calculations(b) Modified vacuum frequency of 11.7 kHz used in calcu-
culations. lations.

white in nature. Indeed, in the absence of the cantilever, thgffects Of_ the imaging tip. TO. begin, we note that Immersion
noise spectrum of the experimental apparatus was found {5 water Increases the effective mass of the cantlleyer by an
be white at frequencies exceeding kHz Consequently order of magnitude. Consequently, in water the ratio of the

we measured the white noise level of the cantilever at 25(I)ip mass to the total mass of the cantilever will be an order of
kHz and included it in the calculation of the power Spectralmagnitude smaller than its corresponding value in air. There-

density of the cantilever in the frequency range 0—100 kHzfore’ the _cantilever.is effectiyely_tipless When itis immersed
The result of this modification is given in Fig(l, where In water in comparison to air. Since the tipless vacuum fre-

the prediction of the theoretical model is virtually indistin- quency is expected to be higher than the tipped value, but is

guishable from the experimental measurement. At frequenr_lot experimentally accessible, we artificially increased the

i 0,
cies below~1 kHz, 1f noise is the dominant noise source in fundamgntal vacuum freq_uency .O.f the cantilever-bJ0%.
the measurement. Calculations based on this modified vacuum frequency are

Corresponding results for the thermal noise spectrum oflven in Fig. 7b), together with the experimental measure-
the P1 cantilever immersed in water are presented in Fid’_nents. No_te the.very. close corresponden_ce between theory
7(a). Again, results are given for frequencies spanning thémd expenment. in this case. We emphasize, howgver, that
resonance peaks of modes 1 and 2. The discrepancies in tHHS Qemonstrat|on does not prove that the ;mall .dlsc.repan-
resonant frequencies, which were discussed earlier, afd®sn fFGQPG”Cy are due to the gﬁects O.f the imaging t'p',bUt
clearly visible in these results. Nonetheless, apart from thi£nerely 'Ud'cates that the po_ssubl!lty eX'StS.' _Other possnbl_e
small shift in frequency~10%), the theoretical calculations sources include errors in calibration and finite aspect ratio
and experimental measurements compare favorably. Th%ffeCtS'
lower quality factors and resonant frequencies in this cas
ensured that the ultimate sensitivity of the experimental ap‘-%/' SUMMARY AND CONCLUSIONS
paratus was not reached in these measurements. Detailed experimental measurements of the frequency

We now investigate the possibility that the discrepanciesesponses of two sets of rectangular AFM cantilever beams
in the resonant frequencies in Figa¥ may be due to the immersed in a range of fluids, have been presented. One set
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of cantilever beams have ideally rectangular geometriesponses of AFM cantilever beams immersed in fluid is es-
whereas the other set have some irregularities. These mesential.
surements were used to assess the validity and applicability
of the well-known inviscid mOdé? and the recent theoretical ACKNOWLEDGMENTS
model of Sadef! under ideal and nonideal conditions.
Various modifications and simplifications of the theoret- ~ The authors would like to express their gratitude to Dr. J.

ical model of Sadét were used in this study, a summary of P- Cleveland from Digital Instruments, USA and Dr. T.
which is given below: Schaeffer from the Department of Physics, University of

) _ o _ California, Santa Barbara for many interesting and stimulat-
(i) Viscous modelThis is the complete theoretical model ing discussions. This research was carried out with the sup-
presented in Ref. 21 and gives the frequency responsgort of the Advanced Minerals Products Centre, an ARC

for all modes collectively; Special Research Centre and was also supported in part by
(i)  SHO model This model is derived from the viscous ARC Grant No. S69812864.

model in the limit of small dissipative effects and
gives the frequency response of individual resonance oo o iw

peaks;

(i) Modified SHO modelThis model is derived from the In this Appendix we describe the experimental proce-
SHO model, neglecting dissipative effects completelydures and methodologies implemented in this article.
and gives the resonant frequencies in fluid; All measurements were performed on a Digital Instru-

(iv)  Inviscid model This model is recovered from the vis- ments Nanoscope |ll Multimode AFKF. The practical can-
cous model when the fluid viscosity is zero, and givestilevers were also obtained from Digital Instruments, and are
the resonant frequencies in fluid. identical to the cantilevers used by Waltetsal,® whereas

the calibrated cantilevers were procured from Park Scientific
It was found that agreement between the viscous modehstruments?3 The plan view dimensions of all cantilevers
and the experimental measurements was excellent in allere measured with an optical microscope, using an
cases. Decreasing the aspect ratios of the cantilever beard#fraction grating as a calibrant. The thicknesses of the can-
and increasing the mode numbers were found to increase thiéevers were obtained using a scanning electron microscope
error in the model, as was predicted in Ref. 21. Nonethelesso within a tolerance of 10 nm.

good accuracyerror =10%) was found for the fundamental The thermal noise spectrum of each cantilever was ob-
modes(mode 1 and the 2nd harmonidsnode 2 of all can-  tained in the following way. The cantilever signal was mea-
tilevers whose aspect ratios range framb=4—142° sured using the optical deflection system of the Nanoscope

The SHO model was found to exhibit similar accuracy tolll Multimode AFM, with the detection laser beam focused
the viscous model provided the quality fac@e1. In such  on the end of the cantilever. This signal was amplified and
cases, excellent agreement was observed between theory atigitized at a frequency within the range 1-1.6 MHz using a
experiment for both the resonant frequencies and quality fagdata acquisition boartf. The digitizing frequency was varied
tors in fluid. These results also established that the analoggnd optimized to eliminate alias peaks. Multiple measure-
with the response of a SHO is justified provided Egp)  ments of~10 ms in duration were made of each cantilever/
givesQ=1; if Q=<1, then such an analogy is invalid. medium combination. The signals were then windowed with

The modified SHO model was found to accurately pre-2 Hanning function, Fourier transformed, and averaged to-
dict the shift in resonant frequency from vacuum to fluid in gether using LabVIEW softwat&to give the required ther-
cases where the quality fact@> 1. Since this condition is mMal noise spectrum.
typically satisfied when AFM cantilever beams are immersed ~ Where possible, the individual resonance peaks were fit-
in air, we recommend that this model be used in calculatin%ed to the amplitude response functidg,o( ») of a simple
the resonant frequency in vacuum from measurements in ai ,armonic oscillator, with an added white noise floor, i.e.,

as is often required in practiéé’ A2 12

In contrast to the above findings, the inviscid model ex-  Agnd(@)=| A2yt 00 = . (A2)
hibited large errors in the majority of cases. These errors (wz_wg)2+ @ (;)O
were found to directly correlate with the Reynold’s numbers Q

Re, demonstrating that the neglect of fluid viscosity is pri-where A, is the amplitude of the white noise flook, is
marily responsible for such discrepancies. These findings inthe zero frequency amplitude of the responsgis the reso-
dicate that the inviscid model is not generally applicable tonant frequency in the absence of dissipative effects, @nd
AFM cantilever beams, and if used, may result in significants the quality factor. These four parameters were obtained
errors. by performing a nonlinear least-squares fit to data near the
This study has demonstrated that the frequency respongreak of each resonané®This approach allowed for easy
of AFM cantilever beams immersed in fluid can be greatlyand accurate determination of the resonant frequency
affected by the fluid viscosity. The resulting viscous effects(+=0.1% in all media and quality factor(+=1% in air, and
not only broaden the resonance peaks, but also have a dra:0.1 in liquid).
matic effect on the resonant frequencies. Consequently, the To measure the vacuum resonant frequencies of the can-
inclusion of viscosity in the analysis of the frequency re-tilever beams, the AFM was placed in a specially constructed
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bell jar, adapted so that the photodiode voltage and AFM®D. A. Walters, J. P. Cleveland, N. H. Thomson, P. K. Hansma, M. A.
control leads could be fed in through the base. The bell jar Wendman, G. Gurley, and V. Elings, Rev. Sci. Instri,. 3583(1996.
was evacuated on a vacuum line down to a pressure of fT. E. Schaffer, J. P. Cleveland, F. Ohnesorge, D. A. Walters, and P. K.
mTorr. We note that below 100 mTorr, there was no visible , 21Sma J- Appl. Phys0, 3622(1996.

L . . . L . H. Muramatsu, N. Chiba, K. Homma, K. Nakajima, T. Ataka, S. Ohta, A.
variation in the resonant frequencies, which is in line With ,sumi. and M. Fujihira, Thin Solid Film&73 335(1996.

previous observatiorfsLowering the gas pressure only in- 8. Roters and D. Johannsmann, J. Phys.: Condens. N&at7&61(1996.
creased the quality factor of the response. °T. E. Schaffer, M. Viani, D. A. Walters, B. Drake, E. K. Runge, J. P.

It is well known that the material properties of fluids are f'eV%'andv M. A. Wendman, and P. K. Hansma, Proc. SB0B9 48

1997.
strongly dependent on temperature. Consequently, the tem;
ongly . eF_)d dﬁ flo'd ”pf h :FMO €q Y, d € h.InIbF.—J. Elmer and M. Dreier, J. Appl. Phy&1, 7709(1997).

perature inside the fluid cell of the AFM was measured whilewy; 7oonese and M. Kirk, Proc. SPIED0g 53 (1997,
the spectra were being collected. This was performed by inw 4. chu, Tech. Rep. No. 2, DTMB, Contract NObs-86696 South-
serting a small type K thermocouple into the fluid cell via a west Research Institute, San Antonio, T2963.
small access hole. The thermocouple read out was accurafé/- S. Lindholm, D. D. Kana, W.-H. Chu, and H. N. Abramson, J. Ship
to within +0.1 °C. To ensure the spectra were measured at gRes:9, 11(1965.

. D. G. Stephens and M. A. Scavullo, NASA TN D-1865pril 1965).
constant temperature, the cantilevers were allowed to thefs Landweber, J. Ship Red5, 97 (1977

mally equilibrate with their surroundings for approximately g muthuveerappan, N. Ganesan, and M. A. Veluswami, J. Sound Vib.
15 min. All measurements were made at a temperature ofé61, 467(1978.

27 °C. The viscosities and densities of the fluids were subsgZD. G. Crighton, J. Sound Vit87, 429 (1983.

quently obtained from published déﬁ'i. 18y, Fu and W. G. Price, J. Sound Vith18 495 (1987).

. . . . M. K. Kwak, Trans. ASME, J. Appl. Mech63, 110(1996.
The material properties of the practical cantilevers WET8op £ Hietrick, Sens. Actuatorts, 131 (1989,

determined using the following calibration procedure. Inde-21j g gader, J. Appl. Phy84, 64 (1998.

pendent measurements were madé)athe spring constartk  22For a composite beam, i.e., a beam composed of two or more laysis,

of the cantilever, using the method of Clevelaetdal,>* and the average density of the beam.

(i) its fundamental resonant frequency in vacudmg 1. ZBpark Scientific Instruments, 1171 Borregas Ave., Sunnyvale, CA 94089-

The density of the cantilever was then determined using tht;413°4' _ _ _
resulf‘ The theoretical models are also applicable to cantilever beams composed

of crystalline materials, provided the crystal orientation is fixed over the
_ 2 length of the beam. The calibrated cantilevers satisfy this condition.
k=0.242phblwl, (A2) ,leng orate fy
Digital Instruments, 112 Robin Hill Road, Santa Barbara, CA 93117.
We emphasize that this formula is valid for cantilevers com-*°Mathematica is a registered trademark of, and is available from Wolfram

posed of a single material, as well as composite cantilevezr Research, Inc., 100 Trade Center Drive, Champaign, IL 61820—-7237.

8 )
beams, i.e., beams consisting of more than one layer. In theThe resonant frequency in vacuum of madean always be cglculated
from a knowledge of the fundamental resonant frequengy ; using the

Iatte_r ca?4e2,2 th_e densitp is th_e average density of the well-known formulawyaen=C2/C2wyqc1, WhereC, is the nth positive
cantilever:“ Since all the practical cantilevers are from the | ¢ 14 c0sC, coshC, 0.

same CTD, their material propertigs are expected. to D®7he shift in resonant frequency from vacuum to fluid is primarily ac-
identical” Consequently, by calibrating a single cantilever, counted for inwg,, which neglects all dissipative effects in the fluid.
the material properties of all the cantilevers can be deter- Such dissipative effects are accounted for in the quality fa@tpr which
mined. To minimize the effects of the imaging tips and introduces a comparatively small correction to the resonant frequency in
cleaved ends, the longest practical cantilever was chosen forfluid @i -

calibration. Noting that the error in the method of CIeveIandngO establish the ultimate lower limit fdr/b, for which the models are

et al. is ~10%2 this calibration procedure gave an average applicable, measurements need to be performed on cantilevers with aspect

d . fp.=53+0.5 3 f h ical il ratios smaller than those used in this study.
ensity ofp.=5.3£0.5gcm = for the practical cantilevers. sopeqe measurements were obtained by directing the AFM laser beam,

Interestingly, a subsequent calibration of the other practical which is normally used to measure the deflection of the cantilever, onto
cantilevers also gave values within this error bound. the cantilever substrate. The reflected signal was then processed in an
identical manner to that described in the Appendix.
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