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Abstract: A study of the frequency response of AFM microdamgrs in liquid media
contained in a commercial fluid cell is present&lich systems exhibit complicated
dynamics which are often not well described by lakde theories. Their dynamic behavior
has a direct effect on the use of the AFM in dyramode while imaging in liquid or while
extracting the rheological properties of the fluide explore the issues related to the design
of the cantilever holder/fluid cell and proposeapproach for evaluating, minimizing and
recognizing the ultimate limitations of commerc@ntilever holders. A technique for
estimating the frequency response spectrum oflting ¢ell itself from experimental data is
presented. This spectrum can then be used to ezaldreether or not the fluid cell is suited
for the desired purpose.
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1. Introduction

Since the invention of the atomic force microscdp&M) [1], many applications have been
developed from imaging and scanning of biologic and-biologic surfaces in vacuum [2], air, and
liquid [3, 4] to more recently, measuring and det@eing the rheological properties of fluids
surrounding the AFM cantilever [5, 6]. In many bése applications, the AFM is used in its dynamic
mode, meaning that the cantilever is excited sheh it oscillates at a frequency close to its prima
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natural frequency. The use of the AFM in the dyraamode is challenging in liquid media because of
the complex hydrodynamic force acting on the cewéit and therefore affecting its frequency
response. Also several factors that originate filoendesign of the cantilever holder significantiget

the frequency response. Therefore, understandegfluence of each of these issues is necessary fo
the reliable operation of AFM in liquid media. Hexe will explore the issues related to the design o
the cantilever holder and propose an approachviauating, minimizing and recognizing the ultimate
limitations of commercial cantilever holders.

There are three main techniques to excite an AFMtileser: thermally, acoustically and
magnetically. In a liquid environment the respoakthe cantilever strongly depends on the excitatio
technique. In the case thermal excitation [7, I8}, ¢antilever response or thermal noise is thdtresu
random collisions from the Brownian motion of thersunding fluid molecules. In this technique, the
cantilever is excited directly and consequently naoath vibration response, related only to the
properties of the cantilever and the fluid, is atsed. In the magnetic excitation technique [9], iarot
cantilever magnetized either by attaching a magrpatrticle [10] or coating with a magnetic material
[11] is excited by an external magnetic field. Tesanother direct excitation method providing a
smooth vibration response. In comparison, the amotechnique [4] is not a direct method. In this
technique, the cantilever is excited through movendd its base by a piezoelectric actuator. The
actuator is usually placed directly under the ¢ewdir chip in the tip holder used in air or vacuum,
while it is usually located away from the cantiletase in the fluid cell which is used for liquicdia.

As will be explained in detail later, the respomdehe cantilever to acoustic excitation, in a lgju
environment, contains many spurious peaks whichatacorrespond to the natural frequencies of the
cantilever and are rather related to the desigtheffluid cell. It should also be noted that thare
some other techniques [12, 13] for excitation & &FM cantilever, which are not as common as the
techniques discussed above.

Although the thermal and magnetic driving techngpeoduce smoother cantilever responses, they
have some drawbacks which make working with acoustcitation desirable. Firstly, these techniques
require additional hardware such as a signal comdit, a data acquisition system, special cantigve
and a magnetic field system making these techniguese complex and costly. Secondly, in the
magnetic technique, the fluid is heated by thetedatagnetic field and the magnetic coating changes
the vibrational properties and bending angle of ¢aetilever. For these reasons, many studies have
been aimed at understanding and removing the reshtirmeaks in the response of the cantilever to
acoustic excitation.

Putmanet al. [4], who were the pioneers in introducing tappmgde atomic force microscopy in
liquid media, were the first faced with these extejuency peaks. They realized that any changes in
the liquid cell system, such as changing its geomets material, the working liquid, and more
importantly the amount of liquid, affect the pasits and amplitudes of the resonances. Scheffat.

[14] observed the same phenomena and based onodthe#rvations on the responses of different
cantilevers in the same liquid environment, thayppsed the hypothesis that “the cantilever response
spectrum is the product of a fluid drive spectruvhjch depends only on the cantilever module and
fluid, and the thermal noise spectrum, which dependly on the cantilever and fluid”. Their
hypothesis was supported by measuring the flunkdspectra of three different cantilevers in theesa
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environment and showing that their shapes are sienjlar. Moreover, they showed experimentally
that the mode shapes of the vibrating cantileveiradependent of the fluid drive spectrum and ddpen
only on the vibrational characteristics of the daméer in the fluid. Other researchers, who used
different types of AFMs and fluid cells which inme cases were made in-house, also reported the
appearance of spurious peaks [15-17]. This indicttat there are some common difficulties in the
design of fluid cells.

Although the effects of the various design problemnsthe cantilever response were previously
recognized, the exact relationships were not utoeisand improvement of the frequency response
based on control of these factors has not prewdusén considered. Instead efforts were focused on
other approaches. Tamagbal.[18] mixed the standard driving signal with a feadk signal from the
cantilever response such that they could incrdasenality factor of the cantilever oscillations lgy
to three orders of magnitude. However their tecaits very sensitive to viscosity variations and is
limited by small temperature fluctuations. Rogetsal. [19] used another approach. They attached a
piezoelectric microactuator over the axial surfadea microcantilever and insolated it from the
conductive liquid medium using a fluoropolymer c¢ogt In this way they could excite the
microcantilever by applying a direct force, resudtin the disappearance of redundant peaks. However
like the magnetic coated cantilevers, the vibratigeroperties and bending angle of their cantilgever
are changed.

Beside these practical investigations, a lot obréfiias been focused on the evaluation of cantileve
response theoretically. Schafferal. [14] proposed a simple model for the behavior rofacillating
cantilever in liquid media based on the assumpti@t the beam is driven by a uniform harmonic
pressure, in phase with the spatial vibration, ot®rsurface. Other researchers have developed
theoretical models with more realistic assumptiofRer example, Jaet al. [20] considered the
cantilever as a point mass and spring in their fiogleThey showed that for cantilevers having low
quality factors, the displacement of the cantilebbase is comparable to the cantilever oscillation
amplitude. Therefore, in this case, the free endhef cantilever has a movement equal to the
summation of the base displacement and the caetilescillation amplitude. Sader [8] proposed a
general theoretical model with more rigorous asdionp. He considered the cantilever as a
continuous mass system which can be excited bykaimaay driving force. He simplified his model for
the case of thermal noise which is well accepted andely used. More recently, Xu and
Raman [21] derived simple models based on trarfigsf@tions to describe the response of a cantilever
to thermal, magnetic and ideal acoustic excitati@toustic excitation is ideal when the base of the
cantilever is moved in a controlled manner). Thisp astudied experimentally the responses of the
cantilever to these excitation techniques in ligmddia using an Agilent AFM and fluid cell. They
reached to the conclusion that in acoustic exomathe response of cantilever is the result of two
mechanisms: a) structure-born excitation and bglforn excitation. The structure-born excitatign i
due to the oscillation of the cantilever base whhilke fluid-born excitation is due to an unsteadydfl
motion caused by the large moving surface of tiilexer base and fluid cell. The first mechanism i
ideal acoustic excitation but when it is combinedhwthe other mechanism, spurious peaks are
observed in the cantilever response.
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Also, because of the particular design of commeiftigd cells, it is impossible to apply ideal
acoustic excitation to the cantilever which causesn even more complicated frequency response. In
this work, we apply some simple modifications twidely used commercial fluid cell from Veeco [22]
(MTEML model) in an effort to approximate ideal astic excitation and in this way investigate the
frequency response of the cantilever in this céhewt fluid born excitation and certain desigratet
aspects. We will show that the vibration of thedloell body is the most significant disturbancehe
observed frequency response.

2. Theory
In ideal acoustic excitation, the cantilever resgmors due to the movement of cantilever base, as
shown schematically in Figure 1. Here, we follove #ypproaches of Sader [8] and Xu [21] for the

hydrodynamic drag force and the theoretical respafishe cantilever respectively.

Figure 1. Cantilever movement in acoustic excitatiapny, is the absolute tip motion and
Wy IS the relative tip motion to the base motign

Since the internal friction of the cantilever ifsed negligible compared to fluid damping, the
governing equation for the deflection of the cawvi@r can be written in the following form:

a*u(xt
ox*
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whereu(x,t)is the transverse cantilever deflecti&h,is its flexural rigidity,p. is the mass densitl, is
the length,A =b x h is the area of the cross section, b and h arewnttth and thickness of the
cantilever, respectively, arfglis the hydrodynamic resistance per unit lengthatatieever motion. For
this equation the boundary conditions are:

u(0.t)= y(t),

ox® )

wherey(t) is the base motion. We considefx,t) as the tip motion relative to the basgx,t)=u(x,t)-
y(t), and substitute fou(x,t) in the above equations. Then in the governing ttguan additional term
appears in the right side as an external force lwtiaelated to the inertial forces of the cantlev
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beam and the boundary condition at the base wdhgh tow(0,t)=0. Now by applying the Fourier
transform on the above equations we find in thgudemcy domain:

El M - 0. APW(x, w) = F, (x, ) + o, Ac?Y (w)
o0x 3)
W(O,a)):O, W:Q W:Q 63\’;(5“’):0
§ X (4)

To continue, we require a general form for the bggnamic force. Because the amplitude of
vibration of the cantilever is very small, the hydynamic force on each point of the cantilever lsan
approximated by the hydrodynamic force that wowdapplied on an infinitely long rigid beam that
oscillates transversely with the same amplitudé,t), in the fluid. This force was determined by
Stokes [23] for a circular cylinder and Sader [8bdified it for rectangular cantilevers using an
empirical correction function. The general forntlut force is:

F(x,@) =2 py 2T (@W(x ) ®)

where p; is the density of the surrounding fluib,is the width of the cantilever ant{w) is the
hydrodynamic function that can be obtained fronviegl the momentum equations for the surrounding
fluid.

The solution of equation 3 can be written in therfof:

W@@=ZQ@M@) (6)

whereCi(w) is the complex magnitude of tHB mode, andyi(x) is the normalized eigenfunction of the
i™ vibrational mode of the undamped cantilever. Thgerfunctions are normalized in a way that
wi(L)=1 and have the orthogonality properties:

[ [ '
[vro, o= furviofupoco (%)
0 0 0 (7)

After substituting equations 5 and 6 in equationw® can have the following equation by
multiplication of the result by;(x) and integrating over the length of the cantilever:

a)z(pcA-i- pr bzrreCtJ X ﬁ| L

EI(A /L) xa L —wz(,ocA+Z,0f bzrrectjxa. L
(8)
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— ‘2 =y
Whereail' _Io v dx, AL Io Yidx and/; is the I" modal wavelength. Therefore, given the amplitufie o
excitation,Y W), we can determine the deflection of the cantilaterach point. For simplicity, we can
define the following transfer function using Eqoati8 and 6:

wz(pcA + ;[pf bzrrectj X Bi L
W, (x)

= eI, /L) xa L —(,oz(pcA + %o, bzl',ectjxaiL
4 9)

It should be noted that the quantity measured blylAd-in fact the inclination of the cantilever. For
this case, the theoretical response is simplyphaéa derivative of the cantilever deflection:

aW(X, C()) - ic (w)at//, (X)
0x ~ 0x (10)
3. Experimental Studies

Figure 2 is a schematic of the commercial fluid é&lm Veeco (MTFML model) which can be
used for tapping mode, force modulation, and cantame experiments in liquids. The main purpose
of using the fluid cell is to insulate and sepathie piezoelectric actuator from conductive fluitis.
this cell, the microcantilever chip (1) is placeda small groove close to the middle of the bottdm
the fluid cell and is fixed to the cell by a clipdaa spring (2). A silicone rubber o-ring is placedhe
circular groove (3) around the cantilever to prevaeh enclosed fluid environment between the fluid
cell and the scanner. Two channels (4) make théamge of the enclosed liquid possible. The
piezoelectric material used to excite the cantilesdocated above one of supporting holes (5) itsd
wires pass through the fluid cell to the connecthg (6). In this way, the whole electronic systism
completely insulated from the fluid.

In our studies we have used four different cangite\selected according to the requirements of each
experiment. Cantilevers 1 and 2 were used in th&lirexperiments (results in Figures 3 and 4) to
observe the effect of each modification to thedlgell to the quality of the response. It was not
possible to retain these cantilevers as they bdoking the study and therefore their dimensionshav
not been recorded. Additionally, their fundamentesonant frequencies in water are different;
approximately 20 and 35 kHz for cantilevers 1 améspectively. For the quantitative studies (result
presented in Figures 6 to 9) we used model CLFC-8QRntilever chips from Veeco. Each chip
contains 3 cantilevers (short, medium and long)eqtial and homogeneous width and material
properties and slightly different thicknesses (€ab). The exact thicknesses of each cantileverghwhi
ranged between 1.8 and Zufh, were determined from its resonance peak inEaiperiments were
performed with the long cantilever (cantilever 8ndth = 397um) and the medium cantilever
(cantilever 4, length = 197um). Additionally, three water-glycerin solutions mgeused in the
experimental studies (Table 2).
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As is clear from Figure 2, the entire fluid cellvgrated in order to excite the cantilever in the
tuning process and the frequency sweep experiniémn.is in contrast to the regular tip holders used
in air or vacuum or other commercial fluid cells,which the piezoelectric actuator is located diyec
under the cantilever base and causing only theleastt to oscillate. This means that while the tagu
tip holders can achieve ideal acoustic excitatibis; fluid cell cannot, as we will now demonstrate.

Table 1. Cantilever properties. Table 2. Properties of glycerin-water solutions.
content 3
0 (kg/m?) (mPa.s)
Width 29 (um) (wt%)
_ 0% 997 0.8628
Thickness 2 (um)
_ 50% 1122 4,747
Mass density 2300 (kg/m®)
Young's 75% 1191 25.49
170 (GPa)
modulus

Figure 2. Schematic of a fluid cell. In this picture (1)tiee cantilever, (2) is the clip and
spring, (3) is the circular groove for o-ring, (d)e the inlet and outlet channels for
exchanging liquids, (5) is the moving support, iG}he connecting chip, and (7) is the
fixed support.

Section A-A

This fluid cell design has several drawbacks. Oneblpm is the holding clip because first of ab, it
spring is not strong enough to secure the cantilbase tightly, and secondly it does not necessaril
hold the cantilever such that its axis is perpeamdicto the clip rod. Since the surface of the ibewer
chip is sloped, any configuration other than pedi&riar results in only a single point of contact
reducing the overall stability of the connectioheTother end of the clip, which is above the flcgdl,
can easily be moved or rotated during handling modnting of the fluid cell on the AFM head thus
changing the connection between the clip and th&ileaer base. Moreover this can result in
displacement of the cantilever chip in its groond aonsequent misalignment of the laser beam from
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the AFM head. This is especially important becaw$en the cantilever base moves to another
position in its groove it creates a new vibratiorsgstem with a different frequency response.
Therefore, the clip and spring system does nowaldy reproducible experiments as shown in Figure 3
For these experiments we used cantilever 1, whigk & fundamental resonant frequency of
approximately 20 KHz in water. The fundamental resd frequency in the three responses is constant
at about 20 kHz. The position of this peak is ueetfd by the cantilever chip location but its
amplitude is significantly affected. We note thdtem attempting to study the rheological propenies
fluids, both the shape and the location of the prinpeak are important. Also, for the other system
resonances in Figure 3, neither the position nemathplitude of the peaks is constant and they giyon
depend on the position of the clip and cantilever.

Figure 3. Frequency responses of cantilever 1 with differeanttilever base and clip
positions (in water). The fundamental resonant desgy of this cantilever is
approximately 20 kHz.

Experiment 1
Experiment 2
----- Experiment 3

Cantilever response amp. (a.u.)

80 100

Frequency (kHz)

This problem was solved by removing the clip andrg) the cantilever base to the fluid cell using
silicone glue [24]. As a result of this modificatiosome redundant peaks associated with the ctip an
spring were eliminated from the frequency respooké¢he system and the reproducibility of the
experiments was improved. It should be mentionemt the problem of irreproducibility is not
completely solved because the positioning of thilftell in the AFM head and also the force applied
by the grip over the cell cannot be exactly repkdig hand. However, these are relatively minor
effects and by gluing the cantilever base to tlkdficell, we can improve the repeatability of the
frequency response considerably. Figure 4 demdastrthe improvement in repeatability in the
frequency response of a cantilever when gluededdlthd cell. For these experiments a new cantileve
was used, namely cantilever 2 which had a fundamheegéonant frequency in water of about 35 kHz.
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The second problem arising from the design of thal fcell is that it causes an unsteady, free
surface flow of the fluid trapped between the catid scanner (See Figure 5a). As mentioned
previously, the piezoelectric actuator excites tlaatilever through the movement of its base via
vibration of the entire fluid cell. The large mogisurface of the fluid cell also generates an aalste
flow in the fluid which affects the vibration ofdrcantilever and is in fact another source of exaih
for the cantilever. This means that the cantilegeexcited not only by the movement of its base
(structure-borne excitation), but also by the uadyefluid motion (fluid-borne excitation) resulting
additional resonance peaks in the frequency regpdese Figure 6). The same problem was
encountered by Xu and Raman [21], who used anotherof commercial fluid cell from Agilent.

Figure 4. Repeatability of the frequency response of cargil@ when glued to the fluid
cell (in water). The fundamental resonant frequewntythis cantilever in water is
approximately 35 kHz.

—— Experiment 1
Experiment 2

A - - -- Experiment 3

Cantilever response amp. (a.u.)

0 20 40 60 80 100
Frequency (kHz)

Figure 5. Cross section of the fluid cell defined in Fig@réa) before modification and
(b) after modification. In this picture, (1) is tlseanner, (2) is the o-ring, and (3)the

reservoir.

Section A-A Section A-A

(@) (b)
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This problem can be solved by making a small fk@slervoir from glass and gluing it into o-ring
groove of the fluid cell as shown in Figure 5b. Thservoir can be filled and emptied using thetinle
and outlet channels of the fluid cell. If the resar is filled completely with liquid, then the fldi
inside the reservoir has almost the same velosityha fluid cell. In other words, the relative nootiof
the fluid due to excitation of the fluid cell is ryesmall and does not affect the vibration of the
cantilever. Many of the spurious peaks in the fegtpy response of the cantilever then shrink. Figure
shows the frequency responses of a cantileverG@% glycerin-water solution with and without the
reservoir attached to the fluid cell. It shoulddmephasized that the fluid cell must be completidiscf
and free of bubbles and in order to accomplish, ttie fluid must be degassed before filling the
reservoir. When the reservoir is attached, théaiper can only be used for rheological measuresnent
as imaging would not be possible. For these exparimcantilever 3 was used. The installation of the
reservoir causes shrinkage in the redundant peak<Qaand 27 kHz frequencies as shown by arrows in
Figure 6.

Figure 6. Frequency responses of cantilever 3 in 50% glgeeater solution before
(black line) and after (gray line) installing theservoir. The cantilever is glued to the
fluid cell.

Extraneous peaks that shrink
¥—___after installing the reservc

Cantilever response amp. (a.u.)

0 5 10 15 20 25 30 35 40
Frequency (kHz)

The last and most important problem with the flgiell design is that the measured vibration
response is the combination of the cantilever vibnaand the fluid cell vibration. The responsetud
fluid cell itself to the excitation is frequency mndent and not the same as the movement of the
piezoelectric actuator. This means that the driviradion experienced by the cantilever is not treald
constant amplitude sine wave. Therefore the presehthe fluid cell and anything else between the
piezoelement and the cantilever base make it iniples®® measure the real frequency response of the
cantilever.
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In order to experimentally verify the above thearg measured the response of cantilevers 3 and 4
in three different solutions of glycerin and watesing the modified fluid cell. Also after fillinghe
reservoir, the inlet and outlet channels were k#dcto prevent any evaporation. In this way we aan b
sure that fluid borne excitation of the cantileusrnegligible. Recall that the properties of the
cantilever and the surrounding liquids are sumnearin Tables 1 and 2.

Figure 7. Response of cantilever 4 in three solutions of@lyn and water; a) measured
by AFM optics, b) determined theoretically.
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Figure 7a shows the responses of cantilever 4 wbddyy the AFM optics. The drive amplitude in
all the experiments was the same and constantoégn the shapes of these responses are different,
the positions of their peaks are at the same freyueOn the other hand, Figure 7b shows the
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theoretical responses of such a cantilever in itpeids based on the equations 8 and 9. For the
theoretical response, the cantilever base was dovagh a displacement amplitude of one at all
frequenciesy (w)=1.

Comparing Figures 7a and 7b, one can find no siityilaetween the theoretical and experimental
responses of the cantilever. However, when there@xpatal response in each liquid is divided by its
ideal acoustic response, the results are the samadl fliquids. These results, shown on Figurerg, a
the response of the fluid cell at the cantilevesebto the excitation from the piezoelement. Theedhr
curves are the same because the vibrational ckasis of the fluid cell are mainly dependant mipo
the elasticity and mass of the fluid cell. And ur @ase, the type of fluid affects only the masshef
fluid cell. However, since the densities of thadhistudied here are very close and since the wloim
the reservoir is small, the total mass variationagligible and therefore, the vibrational charastes
of the fluid cell are independent of the fluid dantains.

Based on the results shown on Figures 7 and 8xperimental response to a specific excitation,
I(a), in the absence of fluid born excitation, can bten in the form:

W, (x,@) = T (x @) x T, (@)1 () (11)

exp
where Te(a) Is defined as an experimentally obtained functioat transferd(«) to the frequency
response of the fluid cell itsef,c(x,w) is the transfer function for the ideal damped oase of the
cantilever (Equation 9) and together their produspresents the experimental response of the
cantileverWey,dX,&. Note that the cantilever is excited by the fumety W)=Tr(c«)*I( @) illustrating
that ideal acoustic excitation can only be achieifetthe fluid cell is designed such th@g(a) is
constant.

Figure 8. Fluid cell frequency responses when containingtsmis of glycerin and water,
observed with cantilever 4.
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To further verify the linearity of the model in Ezfion 11, experiments were conducted using the
longer cantilever 3 and the same fluid cell witlv%06 glycerin-water solution. Results for these
experiments show an identical fluid cell frequenesponse.

Figure 9. Fluid cell frequency responses obtained from duitation of two different
cantilevers in 75% glycerin-water solution. Cantéles 3 and 4 have lengths of 397 and
197 um respectively.
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Equation 11 can also be used to understand thaliqghiel damped dynamics of the cantilever,
Tc(xw), act to amplify the dynamics of the fluid cell. Bfhthe cell is filled with air or another gas the
damped cantilever response contains only sharmaese peaks at higher frequencies and thus acts to
filter out the dynamics of the cell itself.

The results presented here prove that with thie ofifluid cell the frequency response is dominated
by the dynamics of the cell itself rather than tiamtilever and that fluid borne excitation is less
important than previously thought. This problem aly be solved by placing the peizoelectric
actuator directly under the cantilever base ashéregular tip holders. Maadit al. [25] modified a
regular commercial cantilever holder to improve dlceustic excitation of cantilevers in liquids. Yhe
insulated the piezoelectric element by a thin fiih Teflon and also installed a small piece of
microscope glass to cover the liquid just above daetilever and the piezoelectric element. Their
experimental results follow the theoretical preidics for ideal acoustic excitation very well indicg
that such experiments are feasible. This indictitascommercial suppliers of fluid cells must rathi
their designs with the dynamic characteristics indn

We have further demonstrated that the importangdassues for fluid cells are: (1) the method of
attaching the cantilever chip to the cell, (2) tbeation of the piezoelectric actuator and (3) the
occurrence of fluid borne excitation. Of these éssuhe first relates to repeatability and the sé@nd
third determine the potential for achieving ideabastic actuation. If the actuator is placed eyaatl
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the base of the cantilever following the approatMaali et al.[25], one can design a system where
only the cantilever is excited and fluid borne éxiwon is not occurring. In that case only thetftvgo
design issues mentioned above are relevant.

4. Conclusions

The frequency response of AFM microcantileversaimommercial fluid cell, was investigated
while the cantilevers were immersed in differequids. The dynamic characteristics of the fluid cel
were determined by combining the experimental &edretical results. It was shown that in fluid sell
in which the piezoelectric element is removed fitbia cantilever base, ideal acoustic excitation oann
be achieved. Moreover in this case, the measueggiéncy response is dominated by the dynamics of
the fluid cell potentially leading to significantismterpretation of data. Contrary to previous g0
fluid borne excitation is shown to be a less sigaiit effect.
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