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The frequency response of microcantilevers (MCsuipercritical CQ(scCQ) is
investigated. Nickel MCs that were 1gth and 18(Qum long, 12um wide and 2.jum thick were
prepared by microfabrication techniques. The MG amelectromagnetic actuator consisting of
a copper wire wrapped around a coil were subselyuglatced in a custom made Teflon housing
which could fit snuggly into a 50 ml pressure véssglipped with sapphire windows. The
resonance spectra under electromagnetic actuatieedQ was measured using a Laser Doppler
Vibrometer (LDV) in the pressure range of 1200-208@ with 100 psig intervals and at a
temperature of 33.6 °C. The resonance frequences feund to vary linearly both with density
and viscosity, thus with kinematic viscosity. Howeuhe relationship between the quality
factors and kinematic viscosity was found to depibighly nonlinear character. Added mass
analysis was performed using the first order Tagties expansion of the resonance frequency
expression written as a function of added massethlng pressure load for a case where viscous
drag is neglected. It was seen that the mass tesolf both MCs is almost on the order of
nanograms. The extrapolation of resonance frequesisus density, resonance frequency versus
viscosity (dynamic) and resonance frequency vekgwesnatic viscosity lines enabled the
calculation of vacuum frequency of the MCs withaaerage percentage error of 1.7 %, 10.1 %
and 4.6 %, respectively. In addition, a lineartietsship between the damping coefficient and the
square root of viscosity was observed with dwva&ue of 0.9645 only for 180 pm long
cantilevers which enabled us to calculate viscasitycCQ with a percentage error less than 5
%. This result could also be combined with thedimeehavior of resonance frequency versus
kinematic viscosity curves to calculate densitg@€Q with a percentage error less than 3 %.



INTRODUCTION

Micromechanical resonators have been extensivetlied in recent years because of their
potential for high-sensitive, low cost, compactideapplications, such as mass sensors [1, 2],
force sensors [3], viscometers and densitometet2]4Achemical [2, 13, 14] and biological [1]
sensors, explosive detectors [2], devices for m@chhcharacterization (e.g. for determining
Young’'s modulus) [15] and for studying microscaleepomena (e.g. Knudsen effect) [16]. The
dynamics of microcantilevers (MCs) in fluids arepontant in the atomic force microscopy in
biological buffers [5], naval architectural desid@7] and the design of aforementioned
viscometers and densitometers. In the operatioi@s in a fluid, viscosity and density of the
fluid are crucial parameters since the hydrodynderigth scale of the MCs are comparable to
the viscous penetration depth in the fluid [18].

The behavior of the MCs immersed in fluids is mpstlvestigated by the changes in the
resonance spectra, i.e. the shifts in the resorfaegeency, ¢, and the quality factor, Qrf
corresponds to the frequency at which the maximonpliéude of oscillation is achieved and the
Q is the measure of sharpness of the resonancd@aaklated as Q=f2g, in which the
frequenciesg+g and &-g above and belowgfat which the amplitude is equal tg.4/2*2, where
Anmaxis the maximum amplitude of oscillation achievédkd10]. The resonance spectra, i.e.
amplitude versus frequency, can be extracted is@ate manner by first a frequency sweep and
then a Lorentzian function fit that can be founseelhere or in a continuous manner by Fast
Fourier Transform (FFT) as power or thermal spe@&reepresentative Lorentzian function fit to
the resonance spectra of the fundamental flexuoalenof vibration with normalized amplitude
using MATLAB can be seen in Figure 1.
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Figure 1: Representative Lorentzian fit to the obtined resonance spectra taken from Ni cantilevers dafizes
(width x length x thickness, in um) (a) 12x120x2.6) 12x180x2.5

When a MC is placed in a fluid (liquid or gas), tesonance frequency and quality factor
decreases with increasing density and viscositiefluid. This phenomenon can be explained
by two naive approximations where the effects ofsity and viscosity are assumed to be
decoupled. First, the resonance frequency decr@atesicreasing density due to added mass, a
phenomenon which is considered as inertial effeetond, the quality factor decreases with



increasing viscosity, i.e. the broadening of tlteorance peaks, because of the shearing motion at
the tip of the MC which acts as a damping to thallasions, another phenomenon which is

known as dissipative effects [10]. However, in fogual case, the effects of density and viscosity
on the dynamics of MCs are coupled and the compddravior is described by the

hydrodynamic function by which the inertial andsigative effects are quantified [4].

In this study, we investigated the frequency respaf MCs in supercritical GscCQ) in the
pressure range of 1200-2000 psig with approximdtély psig intervals at a temperature of 33.7
°C. Nickel MCs with dimensions of (width x lengththickness) 12x120x2.5 and 12x180x2.5
were fabricated by the conventional microfabricatiechniques. A custom made Teflon housing
was used to mount the MCs and an electromagnédtiatac into a 50 ml pressure vessel
containing two sapphire windows. An optical read-®ystem consisting of a Laser Doppler
Vibrometer (LDV) and GPIB-USB interface was usedreasure the resonance spectra. The
acquired frequency response was fitted by a Lor@mtzinction from which the resonance
frequency, quality factor and damping coefficiemravextracted.

MATERIALS AND METHODS

For the fabrication of Ni MCs, first a 5Q0n thick 4 inches SOI wafer on which a thin layer of
Cr and Au had been sputtered was spin-coated witiotoresist. Then, photolithography was
performed using the related mask. After the dgualent of the pattern was developed, the wafer
was divided into 1 cm x 1 cm chips. Ni electropigtivas conducted for each chip, and the
photoresist was then removed. Finally, the Cr andafers were wet-etched. The resulting
profile and surface quality of the cantilevers @bbserved by an optical microscope.

A vibration-free tabletop was prepared by usingwwifabs PWAO071 Passive Isolation Mounts
placed under a granite block. On top of the blecRplytech OFV-2500 LDV and a 50 ml
TharSFC 05424-4 view cell were fixed on a 30 cnbxcth breadboard. The LDV camera was
connected a 15 inches screen CRT TV, @@s supplied from Messer Aligaz with an indicated
purity of 99.9% by volume and pumped using a TELEEYISCO D Series Pump. A Teflon
housing that fits the view cell was used to stabithe MCs and the electromagnetic actuator
which consisted of a coil made from Cu wire, asmgh Figure 2. The electrical connection for
actuation in the pressure vessel was achievedihy usulated CONAX Technologies TG24T
gland assemblies. All valves and connections waragglok . Throughout the operation, the
temperature in the vessel was held constant bylating fluid through tubing wrapped around
the vessel using a Polyscience recirculator. AQamin of 10 V was provided by Agilent
33220A Function Generator and the resonance specdbtained from LDV was amplified and
filtered by Stanford Research SR560 Preamplifierdsualized by Tektronix TDS 654C
Oscilloscope. The operation of the signal generataorthe oscilloscope and the data acquisition
were achieved using Instrument Control Toolbox IATUAB via Keithley KUSB-488A GPIB-
USB interface and the GPIB cable that connectsiteal generator and the oscilloscope.
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Figure 2: Custom-made Teflon housing for immobilizéion of MCs and electromagnetic coil

The overall experimental set-up is shown in Figdire

Figure 3: The experimental setup. (a) Oscilloscop@) Signal Generator () Preamplifier (d) CRT TV (¢ LDV
control unit (f) Pressure Vessel (g) LDV laser unith) Temperature and Pressure Indicators (i) Reciralator

RESULTS

The representative experimental resonant spedita far both MCs (12x120x2.5 and
12x180x2.5) are shown in Figure 1. The overall expental data are tabulated below.



Table 1: Overall experimental data of resonance spéra at different pressures for both cantilevers, s:
supercritical, g: gas

12x120x2.5 (in pm) 12x180x2.5 (in pm)
Phase P (psia) T(C) fr(H2) Q P (psia) T (°C) k (Hz2) Q

sC 1999 33.65 91280.56 16.89 1999 33.70 39163.00 11.00
sC 1824 33.60 92013.20 16.0( 1820 33.60 39432.33 11.00
sc 1720 33.60 92266.00 17.0( 1720 33.60 39653.00 11.80
sc 1620 33.70 93216.40 17.2( 1620 33.70 39820.00 12.00
sc 1520 33.60 93482.33 17.0( 1520 33.60 39887.00 12.00
sc 1420 33.60 94165.20 18.0( 1420 33.60 40371.80 12.20
sC 1284 33.60 95222.00 19.53 1284 33.60 40857.00 19.50
g 984 33.70 102944.75 33.7% 984 33.60 45477.40 25.00
air 14.7 33.63 119118.30 334.33 14.7 33.60 50658.50 0089.

Except for the last row where G@ in gas phase, all other rows correspond toegatbtained in
supercritical phase. Between 984.70 psia and 128ia, no stable resonance spectra data could
be obtained; for that reason, in the analysis tmysupercritical phase values were used. This is
possibly due to the divergence of density and wigg@nd increasing substantial fluctuations in
the medium in the proximity of the critical point.

The literature values of density and viscosity @h@t the experimental points [19]are plotted in
Figure 4.
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Figure 4: (a) Density versus viscosity plot for alexperimental data points (gas and supercritical)i{) The
linear fit to density versus viscosity plot only fo data points in supercritical phase

It is observed that for the experimental pressange, the variation of viscosity with density was
almost linear. From the literature values, it caralso seen that both the density and viscosity
increase linearly with increasing pressure. For téason, the resonance frequencies of both
cantilevers are plotted with respect to viscosgwp&lty, i.e. kinematic viscosity, as seen in Figure
5.
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Figure 5: fr (Hz) versusy/p (m?/s) plots for cantilevers of size (a) 12x120x2.5)(h2x180x2.5

Figure 5 shows that there is almost a linear @tatiip between the resonance frequency and the
kinematic viscosity for both cantilevers. This @spibly related to the specific combination of



the effects of density and viscosity on the hydradyic load experienced by the cantilevers.
This result is independent of the length of thetiGarers, a phenomenon which is in agreement
with the theoretical studies showing that the dantrlength scale in the hydrodynamic flow is
the width of the cantilevers [20].

The quality factor values of both cantilevers ds® glotted with respect to kinematic viscosity,
as seen in Figure 6.
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Figure 6: Q versusny/p (m%s) plots for cantilevers of size (a) 12x120x2.5)(tt2x180x2.5

As shown in Figure 6, the relationship betweengihality factor and the kinematic viscosity
seems to have a highly nonlinear character. Focdhélever of size 12x120x2.5, the fluctuations
are possibly due to the experimental errors. Howdwoe both cantilevers it can safely be pointed
out that the increase in kinematic viscosity resinitdecrease in quality factor.

In line with the added mass and damping effectsa@xgd in Introduction, both the resonance
frequency and quality factor values decreasesesspre increases, as seen in Table 1. The shifts
in resonance frequency are higher for the l@20ong cantilever compared to those of the 180

um long cantilever due to the fact that sensitiditee to added mass increases with decreasing
length, which in turn corresponds to increasingnesice frequency. Therefore, it can be
concluded that the MCs with higher resonance fregies are more sensitive to added mass
effects. This increase in sensitivity is obviousnirthe £ order Taylor expansion of well-known
resonance frequency expression written as a funcfi@added mass [21]:

AF L 1 A

7T Im @)
In order to get a notion about the order of magtgtmass sensitivity of MCs under
consideration, the added masses are calculated Hginl and plotted with respect to kinematic
viscosity as seen in Figure 7.
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It is seen that almost nanogram mass resolutiorbedheoretically achieved with the MCs under
the stated conditions.

In addition, the extrapolation of resonance freqyerersus density, viscosity (dynamic) and
kinematic viscosity lines enabled us to calculateresonance frequencies of MCs in air, values
which are very close to vacuum frequency of MCssTasult is interesting and is not expected.
Table 2 shows the percentage error in vacuum freguealculation via extrapolation for both
MCs.

Table 2: Percentage errors in vacuum frequency caltation by extrapolation

12x120x2.5 (inpum) 12x180x2.5 (inum)

frvsp 1.9 1.3
frvsn 10.3 9.8
fr VsSn/p 4.4 4.8

As depicted in Table 2, extrapolation giviersusp lines gives the best vacuum frequency values
compared that of other lines. This is possibly tiueloser relationship of density with added
mass.

Finally, the relationship between the damping doigfiit (3) and viscosity is investigated. A
study showed that there is a quadratic relatignsbtween the damping coefficient and viscosity
[5] in the form:

B =cnt® 2

In Figure 8, the damping coefficients are plottathwespect to square root of viscosity for both
MCs.
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As shown in Figure 8, it is not possible to extracelationship between the damping coefficient
and the square root of viscosity for cantilevesiat 12x120x2.5 (ipm). The fluctuations are
possibly due to experimental errors, a situatiorctvis also obvious from the oscillatory
behavior of quality factor in Figure 6 since itngll-known that damping coefficient is directly
related to quality factor. However, for the othantilever, a linear relationship between the
damping coefficient and square root of viscositgasfirmed. Thus, this line can be used to
calculate viscosity of scGQwith a percentage error less than 5% at the gresditions, which

is fairly good for many applications. This proceglean also be combined with the lineargy f
versusny/p curves given in Figure 5 and density of sg@@n be calculated with a percentage
error less than 3%.

CONCLUSION

In this study, the frequency response of MCs a#siZ2um x 120um x 2.5um and 12um x 180
um x 2.5um in scCQ between 1200 psia and 2000 psia at 33.6 °C istigated. The analysis

of the results showed that there is a linear @hatiip between the resonance frequency and
kinematic viscosity. However, the behavior of gtyalactor with respect to kinematic viscosity is
highly nonlinear. Added mass analysis shows trahthass resolution is on the order of
nanograms for both cantilevers. Interestinglys ishown that the vacuum frequency of the MCs
can be calculated by the extrapolation of reson&ecgiency versus density lines with a
percentage error less than 2 %. The quadratidoesdtip between the damping coefficient and
viscosity is confirmed for the MC of length 18f. This result combined with the linear
behavior of resonance frequency versus kinemagwogity curves can be used to calculate the
viscosity and density of scGQvith percentage errors less than 5 % and 3 %eotisely.
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