1 1 MAR 2005 M CROCANTI LEVER RHEOVETER Technical Field of the Invention
This invention relates to equi pnment for neasuring the viscosity and/or
density and ot her rheol ogical properties of a fluid. Note that fluid refers
to both 5 gases and liquids. In particular it relates to a m cfqdéftflever
rheoneter. The invention also relates tola nethod of neasuring the
viscosity and/or density and other theol ogical properties of fluids.

Background of Invention AVIHROCANEINEVERSRIEOMEFNR have been known
since the md 1980s. 7?0 The AFM scans over the surface of a sanple.
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defl ected by various forces between t sanpl e and the tip, such forces
i ncl ude el edter obtaodgical praperets of fleidel van der Waals forces. Atomic force
m croscopy s capabl e of imaging conductive as well as 20 insulating

surf aces m%kﬁf‘g‘?ﬁioﬁﬁb"&r‘&f’ on. Typical AFMs have a sensitivity of 0.1
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so that the cantilever can approach and contact a sanple. Several nethods
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m cr of abri cated cantil evers have subsequently been proposed for a _range of
appl i cat i oNsOHLsE | fdgSWEITS OPROREPIY 450 Qetadletli BHI pitrardnyugh rexdipdent ure,
catal ysis apd.rpgnslihe rid Sl BabivRkal atoms are routinely obuained. 1n a second
13 mode of operation, the tip is held a short distance, of the order of 3 to 500
Angstroms, from the surface of a sample and the tip is deflected by various forces
between the sample and the tip; such forces include electrostatic, magnetic, and van
der Waals forces.
Atomic force microscopy is capable of imaging conductive as well as
20  insulaung surfaces with atomic resolution. Typical AFM's have a sensitivity of 0.1
Amngstrom in the measurement of displacement. The cantilever must be mountzd so
that the cantilever can approach and contact a sample.
Several methods of detecting the deflection of the cantilever are available
which have Angstom or sub-Angstrum sensitivity, including vacuum tunnalling,
25  optical interferometry, optical beam deflection, capacitive technigues, magnetic,
phase lock and piezoresistive measurements.
Micromachined and microfabricated cantilevers have subsequently been
proposed for a range of applications including sensors for gas detection, bicassays,
temperature, catalysis and magnetic field detection.

30 US patent 5,442.963 describes microsensors for measuring pressure. It



30 US patent 5,442,963 describes mcrosensors for neasuring pressure. It |
1 MAR 2005 2 operates by calibrating the response against a series of
calibration fluids. This prior art apparatus requires new calibration if
there is a tenperature change. It is also not applicable to meagur¥ielils
in small quantities of fluids. As nentioned above, since the invention of
the atomc force mcroscope 5 (AFM, there has been extensive exploration
of the force nmeasurenment and sensor applications of the instrunent. In the
latter clag era@gshﬁeyr Sl QSR e EMRhSe AalEst A88Res SPEMIRSIREASAL S TheY pAdS
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l'iquid, informatyfOmenaeaddlabdve, skt the0in9shdl oPtiRPafdrhiesioade thierokésps d, in
principle, can be determ ned. However, this application is predicated on
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required, In“tu ricts the utility of the

m crocant i |taisexpplieathon gpeedioBed pnweadrequsacy esspeedsl o tho mherpeandilever being
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rheonet gy. QG GRREBFQRBhcY IESORREIf SMuldveBNbf e@RrdRopic size, say one
meter in length, are sensitive to the viscosities of the fluids in which they are
immerscd. In contast, for AFM microcantilevers, which are approximately 100 « m
in length, liquid viscosity can significantly affect their frequency response. This
property has permitted the use of microcantilevers as small-scale viscometers.
20 However, this previous rheological application of microcantilevers is restricted to
the measurement of liquid viscosity only, with density and the properties of gases
being outside the realm of its applicability. In addition, a priori and indepandent
measurement or knowledge of the liquid density is required, which in turn further

restriets the utility of the microcantiiever rechnique.
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It would be desirable to have a microcantilever rheometer, as such analytical

~ equipment would have many potential benefits over conventional methods such as
vane and Couette rheometry. Such conventional viscometry equipment can be
applied Lo homogencous jiquids only, over a limited range of viscosities and shear
rate. However, in practice, these techniques are time consuming and reguire

30  relatively large sample volumes. For biological fluids or for samples that need to be



applied to honogeneous |iquids only, over a limted range of viscosities
and shear rate. However, in practice, these techniques are tine consum ng
and require 30 relatively large sanple vol unes. For bi ol ogi cal I]LM%SZUE[{
for sanples that need to be 1 1 MAR 2005 2a anal ysed on-line, a technique
capabl e of rapid neasurenents with small sanples is desirable. Summary of
the Invention This invention provides in2ane forma nethod of determ ning
the viscosity 5 and density and optionally other rheol ogical properties of
gases and ldngiiseg onblyne, aNS@inkduddcaRable GOf REHALhE BY R QAT Sfall §4:R 1%s%ﬁ_ﬁp' e
of the fluid, neasuring the cantilever frequency response and fr%mt IS
determ ni ngiqsﬁébl\?i scosity and density and other optional Theol ogical
properties f Ui rein the nucrocantil ever rheoneter has a
single m crsé%nén %Iyed\;gbgl?‘\é@"%rogf erably the mcrocantil ever rheoneter
conprises at | edBlis timentibn .previeaint dhe ke a hhdhod a¥ AetirinfRhe Me MiLamency
responses. Preferably the tnjicrocantilever is a rectangular cantilever. In
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rheol ogi cal RERPREHHES sHo1Pmld W01 Q, Preferably the cantilever notion is
detected through a piezoresistive device, and the cantilever itself is
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cantil ever rmtign IS de[tnected 0, ‘t‘icaillﬁ% through a split 1 1 MAR 2005
phot odi ode. ™Y ANSTIRET PARINS ¥ P bl e PR ENIEF | ever as one plate of a

capacitor, and pefa¥Ris eemicdise aaaRE} B\MGECIRGII N duilQdgh the changes in
capaci t ance.

In an alterpative form the invention provides a microscale rheometer
comprising at least one microcantilever, means o determine the frequency response,

15 and means to calculate the density, viscosity and other rheological properdes of a
fluid to be tested.

In a further form the invention provides the use of the thermal noise
frequency spectrum of a microcantilever to determine the density and viscosity and
other rheological properties of a fluid.

20 Preferably the cantilever motion is detected through a piezoresistive device,
and the cantilever itself is capable of being driven by a piezoelectric device.

Alternatively the cantilever motion is detected opticallv through a split



In yet a further enbodinent it is proposed that the cantil ever have a
magnetic coating. The cantilever may be driven in an arbitrary fashion
using a nmagnetic coil. S Likew se the coil could be used to nonitdr] Mhe2i05
cantilever notion. Preferably a mcrocantilever is used to neasure the
rheol ogi cal properties of fluids at very high oscillatory shear rates.
These shear rates can be adjusted by nodifying the mcrocantilever
geonetric and material properties. The fast response tines of
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Figure 1: Shows a plot of relative viscosity vs volume fraction for a nanoparticle

silica dispersion. Solid line is fit to Dougherty-Krieger formula.
Detailed Description of the Invention
In a preferred form microcantilevers with rectangular geometries are used for
20 the simultaneous measurement of fluid (gas or liquid} viscosity, density and general
theological propertues from the measurement of the cantdlever frequency respouse.
The fluids that are suitabie for the present invention include gases and liquids. The
. This

. . G- . - -1 -t - -t
range of fluid viscosities 1s very wide from 10 § kem's*toover 1 kgm™ s

range can be adjusted by varying the geometry and material properties of the
25  microcantilever. The technique is applicable to both Newtonian and general non-
Newtonian fluids. Indeed. it may be applied to a range of complex fluids such as
dispersions, emulsions, polymers, gels and non-Newtonian fluids alike. A particular
advantage of the present invention is that a single cantilever may be employed to
measure the rheological properties of both gases and liquids. Due to its applicability

30  to both gases and liquids, this techanigue can also be usad to accurately monitor fluid



phase transitions and their properties, such as changes in density and
viscosity and elastic properties. The fluid may be a supercritical fluid
such as supercritical carbon dioxide, and superconducting fl uids]3$wiR 206
liquid Helium a biological fluid, i.e, a fluid of biological origin, such
as protein, blood, DNA, serum saliva but also 5 including other treated

bi ol ogi cal sanples after dilution or stabjlisation with buffers or
reagents; a biofluid which may be aggl onerating, agglutinating, gelling or
precipitati i | e
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col ourant s ran a foad p uct or 10 fqod in re ient._ Apart from
these appl .%a’f@on%ﬂ FHiEFopduging gu lﬁﬁ SHffe 2 Hawe Ig?h‘ﬁé %ggal fluid, 1.e.

bi ochem st ryyigi Sq:'d AT QBP0 B ot léééai)"NAhk LAYt
screeni ng aurl%d t he an@?%/‘lt?c?’alfl get egt %Heo sol ut es. ?A]Blﬁ rz}talﬁonh%lr|Elol?0 to
measur enentintladoayr sthedroutd bivlagical wednhlcs adior ddntien ovembilisatonlBithd ubhfeps i Or i

assunpti ons about indi ual cantil ever erties are, necessar In a
ovammle of of pRBERT SublotiEt TR Y os RS BT Aselanne o SUEnEaGE s of

known geomej rEMPi%BGch PliheR BfGRNSIRAECOME! & MSLebsulNASe: WRLE.ORLAIDE Y tf LM
Par k | nstrunen and have no imaging tips. Their resonance frequencies
correspond aﬁdoée'leyf’etna geﬂleumalbums oply @direckeeth product be cbuilekolhanmrcpqhulvon
properties of 2 SI|I n, Tt eguency. r onses.of the |Iev wer e
measur ed by C}Sr%]ﬁ' é?l[ﬁf)ﬁ“l %avogr(}s[}S Eﬁlg%aingsnt%falngns %afgé pr(t’ Flermal
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In an example of a preferred embodiment pure silicon, rectangular
cantilevers of known geometry and spring constant were used. These were obtamned
from Park Instruments, and have no imaging tips. Their resonance freguencies
comrespond closely to the values predicted from the bulk material properties of

20 silicon. The {requency responses of the cantilevers were measured by monitoring
the cantilevers' Brownian motion, i.e., the thermal noise spectrum. This was
performed in an atomic force microscope (AFM). The thermal noise spectra wera
collected using a National Instruments data acquisition card operating at 1.6MHz,
and the resulting signal fast Fourler transformed using Labview software. The darta

25  were filtered using a Hanning function, then signal averaged to vield the final data.
To avoid aliasing peaks, a number of digitising frequencies were used.  The
fundamental modes of the measured spectra were then fitted to the response of a
simple harrnonic osciltator (SHO) using a non-linear least squares fit. A white noise

floor was also included to ensure accurate fits.



5 Measurenents of gas properties were made in the fluid cell of the AFM
whi ch consists of a white silicone rubber Oring as cell wall and lucite
cell roof and silicon wafer base. Gas of purity >99% was bubbl ed tppmgﬂm
the cell and then into a water solution which prevented diffusior}

back into the cell, and this solution 5 also functioned as a gas flow
indicator. Typically the flow rate was magntai ned at about 200/Lls. There
was no discernible effect of flowrate on the data, except for hydrogen

and helium whig S - eppe ta| ned
o or o5 e Tellhimat UreaRPehRy M dide LPEROABICE 1Ty
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factors, Q > 1, the frequency. spectra of rect ang\g ar beams could be pitted
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frequency and a“single I ng par anet er rate
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the two cant’ilevers ca ration paraneters can be 20 determ ned, which are
the cantil emeim‘t&nmaamrtﬂesﬁnance frequency, co,,, and the nass per unit

length of the cantylever DEAM o pnSict Norey, 3073458 790 % w.M. Chon, P.
10 Mulvaney, J.E. Sader), it was shown that for quality factors, Q > 1, the frequency

spectra of rectangular beams could be (ited to the eyuation of a simple haumonic

oscillator (SH(). This eguation describes the response in terms of just two

parameters, a resonance frequency and a single damping parameter, Q. To calibrate

the cantilever, the cantilever's frequency response 1s measured in a fluid or gas of

13 known viscosity and density, which will normally be air. The fundamental resonant

peak is then finted to eq.1, using B. Wg,, Q, as fitting parameters.

Alw) =

Then from egs.2 and 3 the two cantilevers calibration parameters can be
20 determined, which are the cantilever’s vacuum resonance frequency, ®ya., and the

mass per unit length of the cantilever beam, g.

4u
+ T'(w
_ﬁpbz r( R.n)

g, =
L@y, @




z CORn _[1+ pb rr( RN1-112 Wac 4u (3) Here, b is the cantilever width
and F is a conpl ex hydrodynam ¢ function, whose values are detailed
el sewhere in Journal of Applied Physics (J.E Sader), Vol. 5 84, ¢4iﬂMRZ%5
(1998). The beam nmay be constructed of any material or conposite required
since the material characteristics enter only through. and cOvac. To
nmeasure the density and viscosity of an upknown fluid, the reverse
procedure is then adopted. Here, the fundanental resonant frequency (OR ,
and quality factor (, are neasured, agghﬁlttlng Eg.1 to the neasured

r

frequency response 10 (fun@l’mrvent etéﬁga -ord y, al t hough hi gher
har noni cs may be used). Th Yh S O |?§ nS| ty are ggl cul ated by
solving Egs.2 and 3 simult rwe;ousl y. Thi process uses the nunerical val ues

for the cantilever's vacuumresonant frequency and nass per unit |length as
measured above in the calibration procedure. Measured and literature -alues
of n and p, obtajjgedyfit e EMlleld AiafPand T [PILRY e Mpy ?%%hﬁ idlensity
using two different rect angul ar S niicr ocan%ip 5 vC‘fTé en % and
197~t m ar e Yhesenvalwesrapdewiied alseawhercds geenabe &ppqudpE’iqaidsyI Eh&adebrble‘v oial

f bt d 100 th at
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quoted herg ﬁ@é‘dl@dc%%ﬂé hﬁé:&?&lQﬁérﬁbﬂaﬁ%c\ﬁkhtlrﬁnﬂwotﬂr&l\éﬁrﬁgﬁéa whi ch requires

| ess than 30 20 seconds to accunul ate. However wth faster data
acqui sition, fastfermmsasutendntsty ané visadity i ashivekedynV@uigt tessetdrat this
aver agi ng refers to thermal noise data only. Spectra were also collected
af ter "ageiffgeeduie isohen epptedr Hepe. Hbarfgndamama wemans frameseyn He..whed her
the data were susceptible to electronic or thermal effects within the
phot odi ode BRETE BACTECY: e areseednb Bltingdend ite Hie MatarsthregsicairamPnat t er
f/ﬁ\R ggo 2 (%B%Tarége\f/r{ta er%séng%cg plélélg oﬁﬁng.ﬁtﬂﬁa rhxzhcrshan%lugltc.?lurll%dbg 895&)?%1&' a
the viscosity and density are cajculated by solving Egs.2 and 3 simultaneously. This
process uses the numerical values for the candlever’s vacuum resonant frequency
and mass per unit length as measured above in the calibration procedure.

Measured and literature values of n and p, obtained from four liguids

—
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ranging in viscosity and density using two different rectangular Si microcantilevers
of lengths 397 and 197um are given in Tables 1 and 2 respectively. Typically the
thermal noise frequency spectrum is obtained using more than 100 averages, with at
cast 16,284 points per spectrum. However, results within 19 ol the values quoted
here could readily be obtained with < 100 averages, which reguires less than 30
20 seconds to accurnaiate. However with faster data acquisition, faster measurements
are readily achieved. We stress that this averaging refers to thermal noise data only.
Spectra were also collected after “‘ageing” the solution for 12 hours in the AFM to
determine whether the data were susceptible to electronic or thermal effects within

the photodiode and collection electronics. Ideatical data were obtained after 24

i~
wh

hours, provided the fluid temperature was maintained constant.



Fl ui dAct ual

(kg ni

Val ues Measured Values r (kg m1 s')p (kg
) Acetone3. 03 x 10'7853.2 x 10754 CCl148.79 x 10"1590 9.9 x 1

m

"l

Water 8. 59 x 109978.6 x 10' 968 1-butanol 2. 47 x 108052.8 x 10803 The

(kg m~s )p

Fit i fo

t heol ogi cal properties fitted very well to egs. 1-3. However, the
cunul ative errors in converting the frequency and Qinto density and
viscosity 5 values was significant. The peals frequencies were easily
monitored to within 10 Hz. i.e. < 0.1% Ahile Qis nore conplex, wth
values Q"1 being accurate to about 1 - 2% but for fluids of greater

viscosity, the error rises to about 4Tables®% Overall, errors rangi ng from
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conpared to gases. The i ncreased Vi 5005|t|es contribute relatively less to

the shift in fregyey dr %M@&l;ﬂf% r g&egqual%ﬂéﬁé ang| aﬂlén)ée é?""ﬁ{e
densities than liqui ut als Ef)roa rangé of val
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values was significant. The peak frequencies were easily monitored to within 10
Hz. i.e. < 0.1%. while Q is more complex, with values Q >>1 being accurate to
about | — 2%, but for fluids of greater viscosity, the error rises to about 4 — 5%.
Overall, errors ranging from about 1 — 14% for density and viscosity were obtained.
Generally, lower viscosity media give better results since the higher Q resulted in
more accurate fits. Nonctheless,

i0 the accuracy of these measurements can be

improved by improving the theoretical model. Consequently, the errors mentioned
should be considered as upper bounds.

To cover a broader range of density and viscosity values, and to demenstrate
the applicability of a single microcantilever theometer to both gases and liquids, we
mzasured the density and viscosity of a varety of gases injected into the fluid celi
using the same 397um microcantilever as used to measure the liquid properties.

The substantially lower cantilever frequencies observed in hiquids are due
primarily to the much higher densities of liquids compared to gases. The increased
viscosities contribute relatively less to the shift in frequency from vacuum. Gases
have substantially lower densities than liquids, but also a broad range of values, with
the resonance frequencies of cantilevers being very close to the vacuum frequencies.

The observed and literature values of the density and viscosity of gases are

summarised in Table 3 using the 397 um rectangular Si cantilever. The size of the



The observed and literature values of the density and viscosity of gases

are summarised in Table 3 using the 397 mrectangular Si cantil ever. TRﬁRZU
size of the 1 1 MAR 2005 8 rnicrocantilever can be varied. The resuﬂtL 05
using a 97; umrectangular Si cantilever are set our in Table 4. Table 2

Fl ui dActual Val ues Measured Val ues (kgnts't)p(kgm 3)n (kgnmisp(kgnB)

Acet one3. 03 x 107853.2 x 10"688 CCl 48.79 10" 15908.4 x 101397 Water8J9 x
10-9977.4 x 108 00 1-bt:tanol 2.47 x 1080: 52.49 x 10-694 For nost of the

gases. str LStk Lyve i £ i 0 tr. £ noted as the new gas was
punped t hr %&%ﬁ%@ék%f tl:é/n %%td)érfldéacf é[‘h Eéuﬁ%g blél%g\gaﬁ ’e%TJSCW%Lﬁ?rnaaF aﬁ’iuﬁ‘tﬁeg or
two of purgiraget AAltlin Thkleglases gave reproduci bl e spectra over tinme, provided

there was a steady gas flow through the AFM cell. When the gas fl ow was
stopped, the spectra began to changeTXabi¢3 effect was nost pronounced for

| TR sedrffusi on
of gas out| of the c rough € poroup ring. The-mart-life [for the
spectrumtfo return }¢g thgsn'éi:g)\ai(qt@&n\?\ps pbalg m %Y min e hoHdengnst rat e
t he feasiility of bsing injcrqcantiieverls to nmeasure t rheol ogi gal

propertieq dfetepnpl bRBIul@s, i[7%ig. 1 we3BredBht neasur@fents of the 15
Vi scosity [of st gangpa r-titeletsperpion—{t48—+rm-i —H
nanopart i cr%g&di spe‘ggg S wat eﬁ)ﬁgs a fumgc'%(ixon of volu action. |It is

observed t{hatidrhe v| 8Gosd ty* of] gohe di spefsyanighcreases|gugh 1 ncredsi ng
vol une frgction O, hs expected] Further |the result of fit to the

Dougher t y-|KrPeigae! f bedilxalGs all$83shown. [Fhi€xdies t he | 694

the "l i ght[gff; 0aSeST AL e TUMaAH Iy 0T OUF ke act itk T 1TUTC
AR rhi U T

n

tor most of the gases. strong distincuve shifis in spectra were noted as the
new gas was pumped through the cell, and data could be collected within a minute
or two of purging. All the gases gave reproducibie spectra over time, provided there
wag a steady gas flow through the AFM ceil. When the gas flow was stopped, the
spectra began to change. This effect was most pronounced for the “lighter” gases,
10 helium and hydrogen. This indicated the diffusion of gas out of the cell through the
porous O —ring. The half-life for the spectrum to return to its air values was about

3 — 4 munutcs.
To demenstrate the fzasibility of using microcantiievers to measure the
rheological properties of complex fluids, in Fig. | we present measurements of the
15 viscosity of 2 silica nanoparticle dispersion (40 nm diameter silica nanoparticles
dispersed 1n water) as a functon of volume fraction. It is observed that the viscositv
of the dispersion increases with increasing volume fraction @, as expected. Further,
the result of a fit to the Dougherty-Krieger formula is also shown. This gives the
following expression for the relative viscosity of the dispersion as a function of

20 volume fraction @:

; . 0539
ndimersr’on _ (1 _ (.D )

e @)



foll owi ng expression for the relative viscosity of the dispersion as a

function of 70 volune fraction O:
0.214 (4) 1 1 MAR 2005 9 Eq. (4) predicts that the dispersion will

volune fraction of 21.4% This value is well below the hard sphere I|n1t
and is consistent wwth the presence of interparticle forces between the
silica nanoparticles. interestingly, by Pormally expanding eq. (4) for
smal |l volune fractions we obtain 5 "' !dispersion =1+2.50+9.06 T7,val er
(5) The coefficEgnts)Zpradicty thapthel digpdriien | witlegd] 4t & e GricsionXsict | ¥%as
expected 10 fromtheoretical considerations and is independent of an
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Here we fi aeb@dhﬁ@;@r@yajrlsmaﬂfvo%rﬁc frabiits wsobainsi stent with the presence
of interparticle forces. These results illustrate the feasibility of using
15 =. rdlcrocantilcvers to performdetailed rheonetry on coll oi dal
disperS|ons Tabl e FIU|dActuaI Val ues Nbasured Val ues 71
(kgmts-')p(kgmn ¢ )Q(lk-Qm:EqD-I-QO(D (s)

nwarer .

The coefficient 2.5 multiplying the linear term in @ is exactly as expected

10 from theoretical considerations and is independent of any interparticle forces. Tn
contras:, the quadratic term is known to depend strongly on the interparticle forces.

In the hard sphere limit, the coefficient multiplying the guadratic term in @ is
predicted to be 6.2. Here we find a larger value of 9.0, which is consistent with the

oresence of interparticle forces. These results illustrate the feasibility of using

15 microcantilevers to perform detailed rheometry on colioidal dispersions.
Table 3
Fluid Actual | Values Measured Values
nkem's) |pkem® |7 kgm'sh 0 (ke m™)
Air 1.86 x 10~ 1.18 1.87 x 107 1.16
Helium 2.0x 107 0.164 22x107 0.14
Carbon 1.5x10° 1.817 1.54x 107 1.73
dioxide
Nirogen | 1.79X 107 1.23
Hydrogen |8.8 x 107 0.083 8.97x10° 0.11
Argon 2.35 x 107 1.61 2.39x 107 1.48




Airl. 86 x 101.181.87 x 10''1.16 Heliun2.0 x 10'0.1642.2 x 10 -0.14 Carbon
1.5 x 101.8171.54 x 10-'1.73 dioxide Ntrogenl.79 x 10"'1. 23 Fwdroggngmﬁgmﬁ
100. 0838.97 x 100.11 Argon2.33 x 101.612.39 x 10__1.48 20 1 1 MAR 200
Tabl e 4 Fl ui dActual Values Measured Values r7 (kg mi s-i )p (kg trf')TI
(kg m' s")P (kg m"') Airl.86 x 10"1.181.69 x 10"1.20

Hel i un2. 0x10-' 0. 162. 2x10-' 0. 14 Carbon 1.50x 10"1.811.5 x 10"1.69 di oxi de

Ni trogenl.79 x 10-'1.231.5 x 10'1.2 Hydrogen8.8 x 10-60.0839-0 x 10-1'0.11
Argon2.33 x 1 01.612.0 x 10'1.54 The above data clearly denonstrate that a
single rnicrocantilever can act as a 5 direct nanosensor of the density
and viscosity of gases, liquids and cahbké& fluids. Both paraneters are

s T RS, O et e
inventionl|is rigorolsg (a@dn'hE'é}surpe&g%ﬁysi tlyn @gm ' s p (kg m™)

Adr 1.86 x 107 1.18 1.69 x 107 1.20

Helium 20x10° 0.16 22x107 d.14

Carbon 1.5 x 107 1.81 1.5 x 107 1.69

dioxide

Nirogen |1.79 X 10 1.23 15x 107 112

Hydrogen |8.8x10° 0.083 19.0x106° 0.11

Argon 233x 107 1.61 2.0x 107 1.54

The above data clearly demonstrate that a single microcantilever can act as a

iy

direct nanosensor of the density and viscosity of gases, liquids and complex (Tuids.
Both parameters are importan: and inseparable. For unknown fluids, rheological
data can only be measured from fits to both variables.

The method of the present invention is rigorous and measures density and
viscosity a priori, whereas other methods rely on calibration fluids and some
10 arbitrary imnterpolation function. These other methods are sensitive 0 the

temperature of measurement since the viscosity of the calibration fluids will change
at differeat temperatures. Conversely, the stiffness of the microcantilever itself is
nasically indapendent of temperature.
The method is extremely useful for biological fluids because calibration
15 fluids would contaminate the sensor.

The cantilever in one embodiment may be purpose-built into, and integrated
within, a microfluid cell as a complete flow-through device and sensor.

The cantilever may itself be further modifisd to fulfil other roles. e.g. it may
be a composite lever, 1t may have layers on it to make it compatibie with the soivent

20 or gas, and it may have other sensor functions. These auxiliary properties do not



viscosity a priori, whereas other nethods rely on calibration fluids and
sone 10 arbitrary interpolation function. These other nethods are
sensitive to the temperature of neasurenent since the viscosity of JtThiAR 2008
calibration fluids will change at different tenperatures. Conversely, the
stiffness of the microcantilever itself is hasically independent of
tenperature. The nethod is extrenely usefldl for bi ol ogi cal fluids because
calibration 15 fluids would contam nate the sensor. The cantilever in one
enmbodi ment PENZH &S polePS SRS anthPodensiiy spRsoe sl in hiletogisahiesaps | ui d

cell as a conplete filou-thr | nd sensor. The cantil ever nmay
itself be f@?lﬁ@pa%ﬁgﬁﬁlg%} Sﬁgﬁpﬁgﬁb&&n ér roles. e.g. it may be a

conposi te | ever, Thd nigod@aebd ayfr ® @Bnitde prasaakasitibne @paddsyd eo Wguhist he
solvent 20 or gas. and it may have other sensor functions., These auxiliary
properties digpttolsalidgnRiapptss 1o gelsh ¥tdfe 1 t59lifD| 8aws @ Spldosiasy Watdaor
density sensor. 1n i i .1, biolQegi . S...Jyt may have bi ol ogi cal
surface 5(S:orrs‘ﬁl(gjﬁrecn E'sc.apépé‘ %uﬁéﬁug%sﬁﬁ eﬁ%srg%'lhtogéﬁg%ﬁdgi) phase transitions
.e.g. gases to |P@uiddd, theldagtilestsr bariBalons are Istmgili tismiagnigedes sugelas #hen
solids, gases to solids, (as well as 5 supercritical CO2. or superfluids

li ke He, mettcileAdy BEMBEAYIINPRET BEdeHIMICLT 190) OFTBICIIF | BedioRs @Wer sl |
LD mRgn tUdgenSah, afatthemhic®aldCduiinldie iR ahotC IRl kD2 ldhermbamin! que

does not pertur m er techniques that require large anplitude
osci | | ati onsgsifiwasttegar the nedium significantly. 10 The nmethod can be used

Lo et egt i1 8,200 SO ng of chapel 5, o b nanoseopheal LY, L oo

cl osed vol upg,J4Besi8aiPNod indsrobédpishilyavelin MOBICFRIA BUITRY phies| AMANLAGE Al

Cther uses include detecting | eakages, sensing the mixing of fluids and

measur enment clofed Fohimt werelon-fine fhad fyg! ewniiprisg mdobe adwmtisoappl Pddrt o

mor e conmpl exe Il fige dBieding 1IMEER, R REBRLEY SRS GRTTuLA IR ASREVHN!
humidity.

15 The method outlined above can be applied to more complex fluids, e.g.
where the viscosity may become time dependent, such as in shear
thinning/thickening fluids, or in fluids undergoing a gelling process (as
demonstrated above), or in fluids exhibiting general viscoelastic behaviour whcr;c
general rheological properties can be probed.

20 The cantilever can probe fluid volumes less than | nanolitre, making 1t
thousands of times more “efficient” than any other technique and opens up the
possibility of performed spatially resolved rheological measurements.

One limitation with using the conventional AFM detection system described
above, 1s that the optical deteclion method employed here precludes direct

25 measurement of opalescent or turbid media, since even slight light scattering
drastically reduces S/N ratios. However, this may be avoided by use of
piezoresistive detection or other detection systems that are not restricted by the
optical properties of the medium. This includes common methods of cantilever

motion detection such as capacitive, quantum tunnelling, magnetic or combinations

30  of these. Likewisc, signal to noisc can be improved by employment of magnetically



t hi nni ngl t hi ckening fluids, or in fluids undergoing a gelling process (as
denonstrated above), or in fluids exhibiting general viscoelastic behaviour
where general Theol ogi cal properties can be probed. 20 The Cantilqvfﬂggﬂﬂﬁ
probe fluid volunes less than 1 nanolitre, nmaking it thousands of 't

nore "efficient” than any other techni que and opens up the possibility of
perfornmed spatially resolved rheol ogi cal I¥easurenents. One linmtation with
usi ng the conventional AFM detection system described above, is that the
opti cal detdvenom:npidioeleenpl oymde s eopr@bbudaesimdi péctiredly rerasinzenent of

opal escent or turbid nediia, since. even slight light scattering drastically
reduces Sl Wé?ﬁagg.kev%gé%‘??vthlslsnﬁﬂ} IFPOLGBY &g&%%g%ggt i m‘ﬁ?%cf&Flg‘é’F"sti ve
detection QheQhBRE ndetRGhi fARcifrSE s%@oﬁl@?tﬁeﬁﬁa@lvrh%:itE@%ﬁr{dl@Jcﬁ‘}%&Yor% Réhich
optical properties of the nedium This includés conmmon methods o

canti | ever copgiiugy themeniiusm pesiche astigepdon biywde vaywdntamedmmel | i ng,
magnetic or confinations 30 of these. Likew.se, signal to noise can be

i nproved by enpl !I@Crﬁﬂtl e SRR | ?% ™ WR Q@%UTZ 81??9%‘11“6?“0“ ot

pi ezoel ect rhzreBbicl Byed Frdds, QA aliniBaNS seinplls’ Gl a 8P, tih PDNIE chRs”
crocantilevers. However, it is an inportant advantage of the

m crocant i |a@deothethagierpdtued basad mralp@erlf mechaodsn wdrmiprolitry guetinet | pf

-excited cang,.l e, 0L QN [ &0 nstitutes the mnimum possibl.e

por t ur bat | ano B AE Ml HEP e BB PRl AP PR R EOR Ty 88 er s

t he pot ent ichkfieBardciiehi &alid@nNmal baMi@HOGEO Pl Cavehtligthe dDfifon, aRtdcHAdMdt € gas
sanpl es.. For exanple, in " DNA chips" and other m crotT ui d based

anal yti®al HetN88as °or s aBSTEARol 9ft ridtigtiades t (e sPAYmeRsablosgiAEalcTessiintnef | ow

t hr ough cha.x@ggéaéaéﬁ@g».e%«e@?p%tei R4 W EANANEL FroiLOMLAD: Ll AN 1DER R Such

devi ces may i npeded even slight ;elation, or channe ockage or
aggr egat i onngtsif¢ ahdsoduevaso/epohyreer ils st ficesiblerfoc dosal ihnkvagneastirement of
during flow in

M crocanti Ibgve S, n%y ﬁ}e, used to nog%hor .gjhe_ fluid character

a non- i nt rogTYESEREYIEHRTRYEL PY R PREHR & HCTP@npleyst Blodetor direct in vivo

measurenent of He0R@citi®E aBbiobchY UpNER! pdRbily & paesinEnWiHibn rf?écg.\reﬁ&?‘”t'

| ever probes. The invention also opens up the possibility” of performmng

hi gh fridqueheglogical measurements for the first time. Current insrumentation is lmited to
frequencies less than 10-100 Hz. In contrast, a microcantilever can probe
frequencies anywhere from 100 Hz to 10 MEHz or greater. 'The range of frequencies
accessible is dictated only by the geometry and material properties of the
cantilevers. These parameters, especially the geometry can be easily controlled and

20 medified. Deviations from Newtonian flow can conszguantly be discerned from the

frequency spectrum.



15 rheol ogi cal measurenments for the first tinme. Current instrunmentation is
limted to frequencies |ess than 10-100 Hz. In contrast, a m crocantil ever
can probe frequencies anywhere from 100 Hz to 10 MHz or greater. IThMAR 3ife
of frequencies accessible is dictated only by the geonetry and nmateri al
properties of the cantilevers. These paraneters, especially the geonetry
can be easily controlled and 20 nodifiety Deviations from-New onian flow
can consequently be discerned fromthe frequency spectrum | | MAR 2005 13
Cl ai ns: Asmethod of determ ning the viscosity and density and
optionally ot‘ﬁ rheol ogi cal properties of gases and |iquids by inserting
a mcrocantil e&emet‘udﬂfeofretem’miiMnm the sasquisey ofndt densftl Uind, optamtlyi sfet he
cantil ever, fg equ response S and E{alcul atl g the viscosjty and density
and ot her PHPIIT Ip WETH G gPT AP ofBFt PBYDHFOY (RETRMGIIAM WABFRSERL ST

m crocant il Bugker REOHBRAHINES 1R FAiR: HeBollre! @S ARLIOYC eaifenc PrefIRh0OD aS
defined in claim|l V\/nerel n the rnicroeaacii’ever rheoneter conprises a
furthef meacd o:daumhanhngsmm hag densttiyfdndroging chrietpleheyegirdspoprsest oft he

ot her m croc ntllwt‘,g thod as defi ed i.n_any. one of ciains 1 to 2
wherein t /¥ ﬂféﬂ%&a‘?ﬂi%\ﬁ&fm?%mﬁ‘ d Er%’ﬂ%@é il E\F%‘Froﬁamﬂe%t hod as

defi ned in. anyA0p@Rid G AisiBied thOciBoANEN ik o CANBRURNr TRELANE S

det ect ed through a piezoresistive device, and the cantilever itself is
capabl a, 6fmpeiTiga dvﬁt%m@yocanpmz:omaé@w acdifferrnt &eqaencA metched taghdef | ned
in any oneof ch%lca i, 0 Where ;n the cantiev'er notion is detected by
non- optlca “heans. A" et hod as defloed in any one of clains | to 3

wher eito the Captikewseras dBtihidn: adySoreXsti difithsactd ¥ @hyrei theAnitpsodias: def i ned
in any one of clains 1 to 3 wherein the cantilever 20 notion is excited
passi vel y 4 hi<6tFH ERERREF ] uct uations. S. A method as defined in any one

of claimns,l to‘,,\3n%gdeldbnugﬂ‘]ﬁmcgngﬁ SUETuA Sa@B€ 1 1o 3 wherein the cantjlever
moiion is detected through a pizzorssistive davics, and the candilevar iself is
capablz of being driven by a piezoejectric device.

3. A methed as defined 1noany ong of clatms | to 3 wherein the cantiever

S
L

motion is detected by nonr-optical means.
6. A method as defined in any one of claims 1 to 3 whersin the cantilever
motion is excited actively.
7. A method as definzd in any one of claims 1 to 3 whersin the cantilever
20 motion is exciied passively through tharmal fluctuations.
g, A method as dafined in any one of ciaims 1 to 3 wherein the cantilever is one
piaie of a capacitor, and the cantilever moticn is measured through the changss in
capacitance.
q, A method as defined in any ons of claims 1 to 8§ whersin oscillating shear

rates arz greater than 100 Hz.

ra
h

i0. A mcroscale rheometer comprising at least one microcantilever, means 19
determine the frequency response, and means to calculate the densitv and viscosity
and optionally other rheological properties of a tiquid or gas to be tesiad.

11, A method for monltoring the changes in viscosity and density or slastic

3¢ properties of a volume of fluid less than a millilitre as 2 function of time using a



pl ate of a capacitor, and the cantilever notion t5 neasured through the
changes in capacitance. 9. A nethod as defined in any one of clains 1 to 8
wherein oscillating shear 75 rates are greater than 100 Hz. 10. ﬁé K 2005
rnicroscal e rheorneter conprising at |east one rnicrocantil ever, BMé @@
determ ne the frequency response, and neans to calculate the density and
viscosity and optionally other theologithl properties of a liquid or gas
to be tested. t 1. A nethod for nonitoring the changes in viscosity and
density or ngir8Sin8eveiFnbsapefties of a volune of fluid less than a
mllilitre as a function of ti i e using al | MAR 2005 14 mcrocantil ever
r heor net er 12.12. Aamathdtbdor grominingo Hien ghadhesieHepiopgitieal ofprofeid vsingof a
fluid using.a_ m.groc anti | ev h ter.. 8] td |l ever .

const r et ed EpeMaeSs, Srbmdy Sheleif WE GhulIEL R Lot Bl ofy K gblic,
rheol ogi calmapsrigperties of a fluid as defined in claim 12 wherein the
cantilever is constructed froma conposite material. 14. A nmethod for in
vi vo nohi t 3% nglomeliog| fegirenitaring @8 rheripgigal proegdenrf salvidas ¢pfingdsids

i nhal ed i ntg.| Ungs, US| NG 61 %R BbAdSYRN FORYRBHSYie material.

4. A wmcthod for in vivo monitoring of biological fluids such as blood or saliva

or gases inhaled into lungs using a microcantilever rheometer.



