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Calibration of colloid probe cantilevers using the dynamic viscous
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A method is described to determine the spring constant of colloid probe cantilevers used in force

measurements with the atomic force microscope. An oscillatory drive applied to the substrate is

coupled by viscous interactions to the colloid probe. The dynamic response of the probe, which is

unaffected by static interactions, is then used to determine the spring constant of the cantilever. Thus
an accurate calibration of the spring constant may be performed simultaneously with a normal

colloidal probe force measuremeintsitu. © 2003 American Institute of Physics.
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I. INTRODUCTION be corrected for the positioning of the colloidal particle away
from the end of the cantilevér.The requirement to perform

The atomic force mI.CI’OSCO[_IAFM) IS routmgly usgd to a correction increases the systematic error in the calibrated
measure a number of interfacial phenomena including SUSpring constant and fails to account for the altered compli-
face forced: friction,>~7 and adhesiof? Of fundamental P "9 P

. o . atncy of the cantilever due to the attachment of the particle
importance to these quantitative measurements is an accurgte, glue

knowledge of the cantilever spring constant. Furthermore, by Recently a number of authors have proposed methods of

ntrolling the interaction metry, it i ibl mpare__ . . . . . )
controlling the interaction geometry, itis possible to compa ecallbratmg AFM cantilever spring constants involving the

the measured interaction force with theory. Control of theh drodvnamic draa of the cantilever or a particle attached to
inter_action geome_try and c_hemistr_y is often achieved by atéycanti}/evells'lg Ingthe method of Maedap and Sendbm
taching a spherical colloid particle to the end of the ) L _ . L
cantilever-10-11 semiempirical relationship between the distributed load due
The spring constant is dependent upon the cantilever di® hydrodynamic drag on the cantilever and its static end
mensions and material properties. Microfabricated cantile!®@ding is used to determine the spring constant. This method
is unsuitable for colloid probes as the flow characteristics in

vers from the same batch or wafer often have uniform di- ; oo
mensions, but between batches, large variations in the sprintqe presence of an attached particle will differ greatly to that
bare cantilever.

constant of the same type of cantilever can occur. Insufficien?’ & Par e
control over the thickness of the cantilever is the greatest Craig and Neto” have used a force balance approach
problem. The spring constant is proportional to the cube oPetween the restoring force of the cantilever and the hydro-

the thickness, so small variations in thickness give rise télynamic drag force on a spherical particle approaching a
significant changes in the spring constant. These nonunifolvall- This method requires an accurate knowledge of the
mities in the manufacturing process require that a measurd@rticle radius and solution viscosity. The deflection of the
ment of the spring constant of each cantilever is essential fofantilever due to the hydrodynamic drag force is measured as
accurate, reproducible force measurements. a function of surface separation. In order to gain deflections
A variety of methods have been proposed to determin®f the cantilever that are both much greater than the static
the cantilever spring constatft.’® Most are suited to canti- interaction force and measurable over a significant separation
levers in the absence of an attached colloid particle. Indeed@nge, viscous fluids (viscositywater) such as concentrated
no existing calibration technique can be used for all cantileSucrose solutions and comparatively large surface approach
ver and interaction geometries. The two most commonly emvelocities(ramp ratesare required. The asymptotic behavior
ployed methods, the thermal noise methoand the added of the hydrodynamic force at small separations introduces
mass method determine the spring constant for a point difficulties in the determination of the compliance regioe-
load at the end of the cantilever. The spring constant can thequired to calibrate optical sensitivityFurthermore, the pos-
sibility of boundary slip complicates the analysis. This
method provides am situ, nondestructive measurement of
dAuthor to whom correspondence should be addressed; present addreshie cantilever spring constant for the specific point of loading

Department of I_:lbre and Polymer Technology, Division (?f Fibre T(_echnql-.of the attached particle. However, in this method it is as-
ogy, Royal Institute of Technology, Stockholm, Sweden; electronic mail:

shannon@kth.se sumed that the_deflect_io_n of the cantilever due to background
YElectronic mail: vince.craig@anu.edu.au surface forces is negligible.
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Here, a spring constant calibration method is describec I AFM
that uses the viscous response of a colloidal particle attache
to a cantilever due to the normal oscillatory motion of a flat
plane in a fluid medium. A small amplitude, high frequency
sinusoidal wave form is superimposed on the normal ramj
signal applied to the piezo. The dynamic deflection due tc
the hydrodynamic force and the static deflection due to su
face forces are measured concurrently and evaluated ind
pendently. A/D

Brennef® has given the exact expression for the hydro- Lock-in
dynamic drag force on a sphere approaching a wall for low ()
Reynolds number flow<1). It has been shown that when
the distance between the sphere and wall is small in com
parison to the radius of the sphere, the hydrodynamic dra "
force is given by Eq(1), where 7 is the viscosity of the . lx
fluid, R is the radius of the particlel) is the velocity of
approach, and is the surface separatiort?

_6myR*U
H- " p -

Signal
coupling

Nanoscope

x(t

1)

As the int fi trv i . tal FIG. 1. (a) Flow diagram showing the connections to and from the AFM for
S (he Interaction geometry In our experimenta arrangemerﬂ]e measurement of dynamic surface fordé@s.Schematic of the experi-

is analogous to that in the surface forces appar@&8), we  mental arrangement for the measurement of hydrodynamic lubrication
can use the equations of motion derived by Israelachvili foiforces. The bottom surface oscillates at frequen@nd driving amplitude
the measurement of the viscosity of liquids in thin filfis, #o- Hydrodynamic forces cause the upper surfemsioid probg to oscil-
The oscillatory response of the colloid probe due to the Sinul-ahtita; ttr)le same frequency, however, the amplitude is attenuated and phase
shifted by an amound.
soidal motion of the flat surface is measured as a function of
mean surface separation. Assuming a no-slip boundary con-
dition and that the liquid is Newtonian, the viscosity of liquid vided by a dual phase lock-in amplifi¢BR 830, Stanford
is given by Eq.(2), wherez is the solution viscosityk is the  Research SystemsA summing audio transformeFarnell
spring constantD is the mean surface separatidds the ~ A262A2F) was used to couple the signals. The coupled sig-
particle radius,v is the frequency of oscillationd, is the  nal was then connected to the high voltag@put on the
drive amplitude, and? is the amplitude of the gap separa- Nanoscope® SAM.
tion. In the SFAA is measured directly. In the AFMA can The hydrodynamic interaction couples the oscillatory
be determined from measuring the amplitude respogse motion of the flat surface to the colloid probe. The deflection
and phase differencé between the drive and measured 0s-of the cantilever due to the induced oscillatory motion of the
cillatory signals and is given by E¢3) colloid probe was measured by the split photodiode of the
KD Ao\ 2 1/2 AFM. The dynamic response of the cantilever is the compo-
"= 152R2, (K) -1 , (2 nent qf the response with the same frequency as the oscilla-
tory signal. The output from the split photodiode was passed
A=|Ay—x0e". ©)) back to the lock-in amplifier where both the in phase and 90°
L ) ) .. out of phase components of the oscillatory signal were mea-
For a liquid of known viscosity and for a known particle g, o4 These signals were used to determine the amplitude
radius the spring constant may be determlned using&g. attenuation and phase difference between the motions of the
Al_ternatlvely,_ once the spring constant IS a}ccgrate'ly qeter'substrate and colloid probe as a function of surface separa-
mined, the viscosity of small volumes of liquids in thin films ti
can be measured. Equatid®) only holds for low inertial
systems, that is when the driving frequeneyjs much less
than the resonance frequency of the spring,

The output from the lock-in amplifier was measured us-
ing a 16-bit, analog-to-digitalA/D) converter capable of
sampling at 100 kHz. This sampling rate is far greater than
required and in these experiments the data were typically
sampled at 2-5 kHz. The split photodiode output and signal
applied to thez ramp were also sampled using this A/D con-

A number of modifications to the standard AFM force verter. The digitized signals were then passed to a dedicated
experiment were performed in order to simultaneously meaeomputer for processing. A customized program written in a
sure both static and dynamic forces between the substratmmmercial software package, Labview®, was used for data
and colloid probe. Figure 1 shows a schematic representaticsampling and processing.
of the experimental arrangement. The high voltagamp The static deflection of the cantilever due to surface
from the Nanoscope® controller, accessed via the signal aderces was measured simultaneously with the oscillatory de-
cess moduléSAM) (Digital Instruments, CA was coupled flection due to hydrodynamic interactions. Zero surface sepa-
to a high frequency, small amplitude oscillatory signal pro-ration (D=0) was defined as the onset of the compliance

Il. EXPERIMENTAL METHODS
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interaction could be investigated. The solutipHl was ad-
justed using an appropriate amount of aqueous KNO
KOH. All water used was purified using a Milli-Q purifica-
tion unit. SucroséBDH) KOH, HNO;, and KNO3(Sigma-
Aldrich) were of AR grade. The KN@was baked at 400 °C
for 2 h before use.

The polymer used in this study was the weak cationic
polyelectrolyte poly2-vinylpyridine). Two samples of P2VP
were obtained from Polysciences Ir@Varrington, PA and
used without further purification. These samples were a rela-
tively monodisperse P2VP with a molecular weight of 30
kDa (My,/My~1.27) and a higher molecular weight, poly-
disperse sample of 300—400 kDa.

FIG. 2. AFM reverse image of the colloid probe obtained using the TGT-01 The P2VP solutions were prepared by dissolving a

grating(NT-MDT, Rus_sia. The prezsence_ of smfill_surfaces a_spe_rities can benown amount of polymer in an aqueous solution of HNO

observed. Scan size is X8.5um?, vertical axis is 25 nm/division. The P2VP solution was gently stirred overnight at 35 °C be-
fore being diluted as required with Milli-Q water. T of

region in the raw output of the static deflection versus piezdhe P2VP solution was adjusted to 3.2 by the addition of an

extension. The ramp scan rate from the Nanoscope control-appropriate amount of KOH or HNQand the solution al-

ler was typically set at approach velocities of less than 400owed to equilibrate for at least 24 h before being used in

nm/s. Low ramp rates are employed ensuring that the statiéxperimentation.

component of the interaction is attributable to surface forces

and not to hydrodynamic interactions.

Typically, drive amplitudes of between 2 and 10 nm and”l' RESULTS
frequencies less than 1000 Hz were used. Smaller drive am- The measured amplitude of the colloid probe due to the
plitudes did not produce significant deflection of the cantile-motion of the flat substrate in a typical experiment is shown
ver at large surface separations. Furthermore, these frequein- Fig. 3(@). The phase difference between the sinusoidal
cies were much less than the resonance frequency of the emabtions of the substrate and probe is also shown in Fa). 3
loaded cantilever in agueous soluti@-10 kH2 so inertial At large surface separations, the phase difference is close to
and acceleration terms can be ignored. 90° as would be expected for a purely viscous dissipation of

A smooth sphere was attached to an AFM cantilever usenergy. As the surfaces approach, the phase difference de-
ing the method of Duckeet al!* Standard, V-shaped silicon creases and this corresponds with an increase in the mea-
nitride cantilevergDigital Instruments, Santa Barbara, CA sured amplitude of the colloid probe response due to in-
were used in this study. Borosilicate glass sphdi@ske creases in the hydrodynamic interaction. At a surface
Scientifig with an approximate radius of 1pgm (surface separation of 300 nm the measured amplitude of the colloid
roughness<0.15 nm rms over 100100 nnf) were attached probe has increased significantly and the phase difference
to the cantilever with a small amount of epoxy adhesivehas decreased to 70°. As the surfaces approach the phase
(Araldite, Selleys Co., AustraljaA reverse imaging tech- continues to decrease as the amplitude of response increases.
nigue was used prior to the experiment to ensure that thét a surface separation of less than 20 nm the Van der Waals
colloidal probe was free of particulate debfsReverse im-  attractive force between the surfaces exceeds the spring re-
aging involves scanning the probe across an array of spikestoring force and the two surfaces jump into contact. The
with radius of curvature much less than that of the probe. Aphase difference decreases rapidly to 0° implying that the
silicon grating(TGT-01, NT-MDT, Russiawas used in this two surfaces are now moving in concert. This corresponds to
case. An example image of the area of interaction of thehe onset of the compliance region. The amplitude of the
colloid probe is shown in Fig. 2. The radius of the colloid surface separatidcalculated from Eq(3)] is also presented
probe was measurdtb an accuracy of 0.m) by scanning in Fig. 3(a). At large surface separations, no deflection of the
electron microscopy after the measurements. Freshly cleavgdobe is measured so the gap amplitude is simply the drive
muscovite mica was used as the flat substrate. This substraaenplitude. As the surfaces approach the gap amplitude de-
is atomically smooth and requires no further cleaning beforereases until at separations less than 25 nm, where the two
use. surfaces are moving together, the gap amplitude tends to

The AFM was housed in a temperature-controlled incuzero. Figure &) shows the simultaneously recorded static
bator. All measurements were performed at a constant tenferce profile. The force-distance data is well fitted to DLVO
perature of 26 0.1 °C. Water was used as a viscosity stan-theory in the limits of constant charge and constant potential
dard in order to determine the spring constant of theand furthermore is consistent with previously published
cantilever. Then the viscosity of several sucrose solutionstudies*?® This shows that the surfaces are clean and fully
was measured in order to validate the method. Aqueous savetting.
lutions of KNO; under a variety opH conditions were used By rearranging Eq(2), the spring constant of the canti-
to alter the magnitude of the static interaction forces andever can be determined from the slope of a plotBofEq.
thereby any possible effect on the dynamic component of thé4)] as a function of surface separation. Figure 4 shows such
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FIG. 4. Plot of 8 as a function of mean surface separatién, for the
1 \ interaction between a silica colloid profjedius 10.@ 0.1 xm) and mica
substrate. The cantilever and surface are immersed in wataedjustecpH,
viscosity 1.000 mPa)sThe static scan size wasulm and scan rate was 0.5
Hz. The oscillatory drive amplitud&, was 3.7 nm and frequency 1000 Hz.
From the linear regressiomRf is 0.9988, the measured spring constant was
determined to be 0.1590.004 N/m. The errors in the measurement are
approximately the size of the data points along the vertical axis and signifi-
cantly less along the distance axis.

0.1

Force/radius (mN/n1)

0.01 4

was measured from the slope of the linear regression of the
data points in Fig. 4 to be 0.159.004 N/m.

Once the cantilever spring constant was accurately de-
termined, the response of the probe to the oscillatory motion

(b) of the flat substrate was used to measure the viscosity of

FIG. 3. () The measured amplitude of oscillation of the colloid prétygen aqueous Sucrose, SOIUt,IonS' l,:)re,VIOL_]SIy’ the Srﬁz%hzgibeen used
circles and phase difference between the oscillatory motion of the substraté0 measure the V|5005|ty.0f ||qU|_d5 n thin f". S The
and probe(open squargsas a function of surface separation in waten- SFA results show that simple liquids remain Newtonian or
adjustedpH, viscosity 1.000 mPa)sThe static scan size wasuim and scan  “[ylk-like” in confined films as thin as 25 A. Assuming that
rate was 0.5 Hz. The oscillatory drive amplitudg was 3.7 nm and fre- R : : : e i
quency 1000 Hz. The amplitude of surface separatioangles was deter- the liquid is Newtonian, the viscosity, .|§ given by Eq(2).
mined from Eq.(3). Only every tenth measured point is shown for clarity,. R€arrangement of _EC{Z) Into the_ fam”'a'f _SFA form[Eq.
(b) Static surface forces upon approach of a 1@r@ radius borosilicate  (5)] makes the subject the effective mobility, When plot-
sphere to a mica substrate in water. The best fit to DLVO for the surfaces ifed as a function of surface separation the slope is equa| to

water (unadjustedpH) calculated from the nonlinear Poisson—Boltzmann : ; ; : : :
equation in the limits of constant char¢solid line) and constant potential the inverse of the viscosity of the intervening fluid.

0.001

separation (nm)

(dashed ling are also shown. The dissimilar fitting parameters wgrg., 1272R%p Ao 2 —-1/2
=75mV, dgica=45mV, « 1=32nm, and a Hamaker constant of 1 G=—— —) -1 =—D. (5)
X1071° J. The scan size was 400 nm and scan rate was 0.5 Hz. k A n

Figure 5 presents the effective mobility, as a function
6>f surface separation for aqueous sucrose solutions of differ-
ent concentration. As the concentration of sucrose is in-
creased, the measured slope ¢) decreases. Some long
wavelength oscillation of the data is evident due to optical
5 1o interference. The measured viscosities of the sucrose solu-
-

a plot used to determine the spring constant for a 10.
+0.1um radius silica particle attached to a 1@fn long,
thick-legged SjN, “V” shaped cantilever in water.

—KD. (4) tions from the least-squares fit to the data in Fig. 5 are in
excellent agreement with literature valéfeas compared in
Table I.
A linear relationship is observed in Fig. 4 for surface sepa- The data in Fig. 3 were collected in watgrH 5.9). At
rations between 25 and 300 nm. Instabilities of the colloidthis pH both the mica substrate and borosilicate glass probe
probe at surface separations of less than 20 nm due to Vamve a negative surface charge. At surface separations less
der Waals forces cause the surfaces to rapidly jump into corthan 150 nm there is a significant repulsive interaction force
tact. Data in this region were not used in the spring constardue to the overlap of the electrical double layers of the probe
calibration due to the instability of the cantilever. At surfaceand substrate. Figure(@ shows the measured equilibrium
separations greater than 300 nm the hydrodynamic couplingurface forces between the probe and substrate in solutions
between the surface and the probe is small and the data @ 1X10 * M KNOj in the pH range of 3.5-7.7.
therefore dominated by noise. Hence data at separations Both the dynamic and static interactions were captured
greater than 300 nm were also excluded. The spring constasimultaneously. The spring constant used to calibrate the

=1272R%yv
B Ui
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FIG. 5. Effective mobility is plotted vs separation. The slope of the plot is 4.50B-08 - @

used to determine the viscosity of a range of aqueous sucrose solutions ¢

20 °C. A static scan size was 250 nm and scan rate was 0.5 Hz. An oscilla-  4,00E-08
tory drive amplitude of 3.7 nm and frequency of 200 Hz was used. The
spring constant was 0.07®.003 N/m and the particle radius was 9.8 3,50E-08 1 s
+0.1 um. The measured viscosity of the sucrose solutions is given in Table 3 00508 4
I. Water (open diamonds 10% w/w sucrose/wateftriangles, 15% w/w ’ / M
sucrose/watefcrossey and 20% w/w sucrose/watécircles. E 2,50E-08 o« "/ Mﬁ
& M
C-%

2,00E-08 -

static interaction was determined from the dynamic interac- 150508 | »““

tions as described above. Figurdpshowsg as a function

of surface separation for each of the data sets shown in Fig 1%E0 1 M"J

6(a). Note that the data have been offset to allow ease of 500809 ™

comparison between the gradients. The least-squares fit t 0.00B+00 . . . . ' . .
the four curves agree to within 2%. The data in Figh)6 0 2 40 60 20 100 120 140
show clearly that deflections of the cantilever due to static separation (am)

interaction forces do not affect the response of the cantilever (b)

due to the hydrodynamic interactions. o _
FIG. 6. (a) Equilibrium surface forces on approach between a mica sub-

Limitations of the approach adopted here were InVeStI-strate and borosilicate glass profradius 10.@:0.1 «m) as a function of

gated using measurements _for similar probes carrying ‘?‘ds'olution pH. The static scan size was 250 nm and scan rate was 0.5 Hz for
sorbed polymer films. In the first example, a molecularly thinall force experiments. The repulsive electrostatic component of the force
layer of polymer was deposited on each surface by free adncreases witlpH due to a corresponding increase in surface chapie.
sorption of a low molecular weight highly charged polyelec-3:>: SIcles; 4.5, squares; 5.9, triangles; and 7.7, crogspé. plot of S vs

. . ) separation, used to determine the spring constant of the cantilever. The mea-
trolyte from a low conceqtratlon solution. Previous r(:J'F:)('-”'Fssured spring constants under different static deflection conditions, as mea-
have concluded, from static force data, that the adsorbed filrsured from least-squares fits to the four data sets, agree to within 2%. The
is at most 2 to 3 nm thick®3° Such a surface has been curves are offset for claritpH 3.5, circles; 4.5, squares; 5.9, triangles; and
postulated as a good model for a rough surface. In the secorfd* €r°Sses:
case, a high molecular weight sample of the same polymestatic force data for these two systems are shown in Fig. 7.
was adsorbed from a high concentration solution. This iClearly, there is no evidence of a steric layer in the presence
known to result in the development of a significant stericof the low molecular weight polymer. In contrast, the high
boundary layer. Previous drainage measurements on sucholecular weight polymer sample shows a long range steric
systems have indicated that solvent will penetrate into thigepulsion under the conditions of the experiment. Corre-
“soft” polymer layer. This surface may therefore be consid- sponding hydrodynamic data for these force curves are
ered as a model for a soft deformable colloid probe. Typicabhown in Fig. 8. At large separations, all three data sets are

linear and the gradient of the best fits to the data in these

TABLE I. Comparison of the measured viscosity determined using(Eq. linear regions are equivalent suggesting that the surface char-
and the data presented in Fig. 4 to the bulk literature viscosity of aqueoug@cCter does not affect the measuremenk.atlearly, the data
sucrose solutions. Note that the data for water is used to determine thfor the two polymer samples are not linear over the whole

spring constant. range of surface separation distances and the adsorbed film
Concentration Measured viscosity Literature viscosity QOes influence the fluid Qralnage. The range of this deviation
(Wt %) (mPas (mPa $ is related to the extension of the polymer layer away from
the surface.
0 1.00
10 1.34-0.03 131 IV. DISCUSSION
15 1.60+0.03 1.59 S . . .
20 1.89+0.04 1.92 The calibration of AFM cantilever spring constants using

the viscous response of a confined liquid has a number of
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values for 8 and hence the spring constant determination,
viz. the particle radiusR, and the surface separation dis-
tance,D. The precise control of temperature afforded by the
incubation of the AFM ensures a highly precise viscosity for
our solvent standar@vaten. Typically the radius of the par-
ticle in these experiments can be measured to an accuracy of
~1% using scanning electron microscofEM). Since in
the determination of the spring constant the radius is squared
in the calculation, this introduces an error of 2% in the mea-
sured value. Accurate knowledge of the separation distance
relies upon precise calibration of the AFM drive piezo and an
; accurate definition of the zero distance. Both factors can in-
08 troduce error into absolute values B8f However, it should
apparent separation (nm) be noted that to obtain the value kfit is not necessary to
FIG. 7. Normalized static surface forces as a function of distance for baré(now the absolute Valu?s @, only the Va”atl.on of with
(closed diamonds low molecular weight P2VRopen squardsand high  distance. Hence there is no absolute requirement to know
molecular weight P2VP covered surfadepen trianglesat pH 3. Ascan ~ Zero separation. Of course, the movement of the piezo must
rate of 0.5 Hz and scan size of 300 nm was used for all experiments. still be accurately known such that a value &b can be
obtained. Typically, the movement of the piezo can be accu-

advantages over other methods. This method determines tfiately calibrated with<0.1% error. Hence this is not ex-
spring constant with the probe attached and the effect on theected to be significant when compared to the error from the
spring constant of the placement of the probe is intema”particle radius. Thus an accurate spring constant can be ob-
accounted for. Most existing methods determine the Sprinéained at an arbitrary set of separation distances provided that
constant for a point load at the end tip of the cantilever. The¢he distance movedAD) is accurately known and that the
spring constant is then corrected for distance of the prob&sponse of with D is linear(Fig. 4). Obviously, the probe
from the end of the cantilever. This assumes that the cantileand surface should be close enough to ensure an amplitude
ver has a uniform cross section and that the material propefesponse that is sufficiently greater than thermal noise. Also,
ties of the cantilever are constant throughout the length othe limitations of the hydrodynamic theory are such that the
the beam. If the method requires a correction, the systematidistance of surface separation is small compared to the par-
error of the measurement of the spring constant is increaseticle radius. For a 1Qum radius bead, as used here, this
Also other methods fail to adequately account for the postypically limits us to separations of less thatum. Other
sible altered compliancy of the cantilever when a colloidalcontributing sources of error in the measurement of the
particle is attached with glue. Using the proposed method &Pring constant using this method need also to be considered.
quick, in situ determination of the cantilever spring constantFor example, typical errors in the calibration of the optical
can be made. Indeed, the data required to determine ttgensitivity may be of the order of 1% to 2%.
spring constant can be captured concurrently with the force ~ Optical noise can contribute to nonlinearity in the plots
data of interest. Although nonstandard electronics are reof beta versus separation. This can lead to significant varia-
quired for the determination of the spring constant using thigions in the slopgup to 10% over subsets of the data. In
method, the necessary components are readily available adgder to minimize the error in the determined spring constant
easily implemented into the experimental instrumentation. it is recommended that data be obtained over as large a dis-
Examination of Eq(4) indicates that there are two con- tance range as practicable. When the nonlinearity due to op-

tributing sources of error in the determination of absolutetical noise is significant the error in the determined spring
constant will be as large as 10%, which is comparable to

other methods. Noncoherent light sources are now available

Force/radius (mN/m)

6.E-05 : ) . :
that will remove this source of error allowing the technique
5 E-05 to give spring constants with an accuracy-e4%.

The data in Figs. 7 and 8 indicate clearly that the nature
~4B05 1 of the surface is unimportant in the measurement of a spring
Z constant using this approach, provided that the intervening
& 3.E-05 - . . ) . .

E solvent is Newtonian and that its viscosity is accurately
© 505 known. Again, accurate calibration relies upon performing a
measurement in the linear region @f versusD. Thus it
L.E-05 1 appears that this calibration procedure will be applicable to a
wide range of probe materials whether haag in this case
0.E+00 ‘ ‘ ‘ ‘ . S - : :
of a silica particle interacting with a mica substyate soft
0 50 100 1.50 200 250 (for example, surfaces with adsorbed spegigsugh or
apparent separation (nm) smooth.
FIG. 8. Effective mobility as a function of separation for the system de- No attempt has been made to Systematlcally.quantlfy the
scribed in Fig. 7. effects of surface roughness for the bare particles on the
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