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Theoretical calculations and experimental measurements are used to show that hitherto neglected
inertial effects can be significant in computer-controlled surface force measurement devices such as
the atomic force microscope. The problem is analyzed in detail for the case of the van der Waals
attraction in air. It is demonstrated that equating the cantilever deflection to the surface force
systematically underestimates the magnitude of the surface force, increasingly so as the speed of
approach is increased. It is also shown that the surface separation becomes lost at high accelerations
due to a dynamic uncoupling of the cantilever deflection and angle. The effects of elastic
deformation of the bodies are taken into account, including the collision-induced elastic vibrations
in the solids. Experimental data are obtained for the van der Waals attraction and collision of glass
surfaces in air using the measurement and analysis of surface forces device. All of the effects found
in the theoretical calculations are identified in the experimental datal 988 American Institute of
Physics[S0034-67488)03511-4

I. INTRODUCTION spring. This is of course the method that was used in the
alg)riginal static versions of the SFA. The main point of this

with the advent of computerized data acquisition systemsp aperis that Eq(1) dc_)es not apply to the new dypamlc_force
The modern devices use various electronic techniques t@egsurement t_echnlgues.. We shall show thgt n _typlcal ex-
control the motion of the surfaces and electronic or digitallype”"_]ental regimes |n(_art|al effec_ts can be S|gn_|f|cant, and
analyzed optical methods to sense the deflection of the forcdat in general the spring deflection in a dynamic measure-
measuring spring. Here we focus on two of these automateff'€nt 1ags that of a static measurement, which cause¢lEq.
devices: the measurement and analysis of surface forcd@ underestimate the actual surface force. o
(MASIF)12 and the atomic force microscop@FM).24 (The Not that static force measurements have entirely ignored
various techniques for measuring surface forces have bedhe dynamics, since these are implicit in the so-called jump
reviewed elsewhefd What is different about these new de- into contact. This occurs at the separation at which the slope
vices compared to the original surface forces apparatugf the attractive surface force equals the spring constant,
(SFA), 8 where the interferometric fringes for the separationWhich is the limit of stable equilibrium. An alternative ap-
and forces are measured by eye and recorded manually, oach to mapping out the force curve is to vary the rigidity
the speed at which the measurements can be performe@f the spring and to measure the static jump pbifit.odge
Typically the original SFA would take up to several hours toand Mason further developed this idea with the so-called
measure a force curve consisting on the order of a 100 dagynamic jump method. Here oscillations about a point of
points. The MASIF measures up td*data points over as stable equilibrium allowed motion past the static jump point,
small atime as 0.1 s, and the AFM can record on the order gfrovided that the amplitude was small enough so that the
219 data on similar time scales. It is this volume of data, fastspring restoring force exceeded the attractive surface force
turnover, and ease of use that has been responsible for tleeen though the derivative of the surface force exceeded the
rapidly increasing use of the new devices. spring constant. The amplitude of the oscillations could be
The method of measuring the surface force has nogradually increased up until the so-called unstable equilib-
changed over the years. All devices have in common a forceum point, the recording of which allowed the force curve to
measuring spring or cantilever, the deflection of which ishe obtained over a larger domain than in the static jump
measured electronically, optically, or interferometricartlly. method. The dynamic jump method of Lodge and M3son
The surface forc& is simply equated to the restoring force may be seen as a precursor to certain contemporary force
on the springFy, measuring techniques that monitor the change in resonant
Fo=—F. (1) frequency with separation due to the influence of the surface
. o force, such as the AFM in tapping motf&*?or the dynamic
The restoring force is given by Hooke's la#,=—kx,  mode of a force-feedback version of the MASFFOf further
wherek is the spring constant and the deflection of the rglevance to the present day automated devices is the fact
that Lodge and Masdrmeasured the deflection of the force-
3Electronic mail: phil.attard@unisa.edu.au measuring spring by a capacitor, displaying the re-
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sults on an oscilloscope and thereby actually recording théhe deflection of a realistic cantilever spring on a single ap-
dynamics of the jump into contact. Although the resolutionproach. Our calculations go beyond the earlier studies in that
of the device precluded quantitative results, it may be saidn addition to the van der Waals attraction we include the
that Lodge and Mason were ahead of their time in anticipatmoment of inertia of the cantilever, the effects of fluid drain-
ing the modern dynamic devices and data acquisition sysage (as distinct from drag forcé$ 82§ and the effects of
tems. These authors speculated that Newton’s equatioreastic deformation(Fontaineet al® have included drainage
might be used to obtain more quantitative information aboust an elementary level, and Ancykowséi all® have also
the dynamics of the system, which is precisely what we dancluded some of the effects of elastic deformation.
here. The paper is set out as follows. In Sec. Il A, which im-
A second dynamic technique is the so-called drainagenediately follows, we develop the simplest model of the
method of Chan and Horlf,in which one surface is driven experimental setup that shows the major inertial effect dis-
toward the other at a constant speed. The surface force @issed above. We present the results of calculations for pa-
deduced by subtracting the known hydrodynamic repulsiomameters typical for the MASIF. In Sec. IIB we develop a
Fq, more sophisticated model that shows the additional dynami-
cal feature found in the experiments, namely the decoupling
Fs=—F«=Fq. @ ofthe angle and position of the cantilever tip. In Sec. Il C we
The inertial effect we explore here is distinct from this drain-€xplore the effects of elastic deformation of the bodies, and
age force since it is caused by the finite acceleration of thehow that elastic vibrations are induced by the collision. In
surfaces under the influence of the surface force. We shaffec. lll we present dynamic force measurement data ob-
include this drainage term in our calculations below, al-tained with the MASIF for the van der Waals attraction in
though in air its main effect is to dissipate energy at contact@i- We make a detailed comparison of the features in the
To explore inertial effects, we set out to measure the vagxperimental data that our dynamic calculations revealed.
der Waals forces between silica glass surfaces in air, which,
being free of the usual complications of a liquid interlayer, is|I, THEORY
the simplest possible system. Thus the measurements |ell\d
themselves to unambiguous interpretation. We found a large”
adhesion but a diminished van der Waals attraction at finite ~As mentioned above, all surface force devices are based
separations, and concluded that inertial effects were respomn controlling the position or separation of the surfaces, and
sible. In this system the force law is known, and the dynami-on measuring the force acting between them by means of the
cal motion is governed simply by Newton's equation. Belowdeflection of a spring. Usually one of the surfaces is mounted
we present the theoretical calculations and our experimentan a piezo-electric motor and its position is a specified func-
data for the van der Waals force between silica glass surfacd®n of time. Here we take the driven surface to be the lower
in air. We shall primarily model the MASIF device becausesurface and we denote its position by z(t). (This is the
its higher sampling rate and other design features show thease in the AFM; in the MASIF the geometry is inverted, but
dynamic phenomena in great detail. In the second article ithis makes no conceptual difference to what follgwEhe
this serie®® we shall model the AFM and compare the resultsupper surface is mounted on a spring. In the next section we
to our measurements of the van der Waals attraction withvill model the spring as a cantilever beam, which is a real-
that device. istic representation of the situation in the AFM and in the
There is a second consequence of dynamic force meaASIF. But to make our first point about dynamic effects it
surements that we find theoretically and experimentally ins clearer to use a less sophisticated model, namely a simple
this article. When a cantilever spring is deflected, in the equicoil spring, as shown in Fig. 1. We denote the deflection of
librium situation (static or steady statethere is a unique the spring byx; x=0 corresponds to the equilibrium position
relationship between the location of the tip and the angle ofn the absence of any force between the surfélzgge sepa-
the end of the beam. This is exploited in the AFM where therationg. (Gravity is constant and can therefore be ignored.
amount of deflection is found by measuring the angle of theThe actual separation between the surfaceshisx—z,
tip with a light lever. We point out here that the angle andwhich is equivalent to choosing the origin for the coordinate
the deflection are two independent dynamical variables andif the lower surface such that if the spring were undeflected
depending upon the motion, one cannot simply use the equthen the surfaces would be in ultimate contact whet®. At
librium relationship to deduce one from the other. This isequilibrium, a positive deflection corresponds to a repulsive
particularly evident when the surfaces are in contact, whersurface force, and a negative deflection results from an at-
the angle of the tip can change without any further defleciraction.
tion. Our theoretical calculations reveal the nature of the ef- ) )
fect, and we discuss its effect on the MASIF data. 1. The equations of motion
There have been a number of previous theoretical calcu- We shall develop and solve the dynamical equations for
lations of dynamic effects, mainly in the context of noncon-this model. There are three forces to be taken into account:
tact or tapping mode AFM imagin§=?°These analyses deal the spring restoring forcE,, the hydrodynamicor aerody-
with a vibrating simple spring and its change in amplitudenamig drainage forceé=4, and the surface forcés. Denot-
due to the proximity of the surfaces. In contrast we are coning the spring constant by, the elastic restoring force acting
cerned with force measurement, not imaging, and we analyzen the upper surface in the positive directi@pward$ is

Simple spring
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FIG. 2. The deflection due to a van der Waals attractir bXx 10719

FIG. 1. A simple model of a force measuring device. The lower surface isfclr the simple spring moc_iel_. The IO‘.NeSt curltld) is the static deﬂectlon_
mounted on a translator and its positionz). The er surface is at- x=F4(h)/Kk. After the static jump point, where the tangent equals the spring
N ;: dt imol rina wh pt nsion(i ’ ith UE% I_LIJ_ ndin constant, the continuation of the van der Waals attraction is shown as dotted,
ached to a simple spring whose extensior(l, with x=0 corresponding since this unstable region is inaccessible. The MASIF, WRth1.45 mm,

to the c_ase_of no interaction. The zero for the lower surface is such that themzz035 g, ank=87.2 N 7. From top to bottom the driving velocity of
separation ih=x—z.

the lower surface is 6.4, 3.2, 1.6, 0.64, 0.32, and Qub6s ..

Fie=—kx. ) locity z(t) of the lower surface are specified, and since the
The drainage force 18 separation if1(t) =x(t) —z(t), we can takex(t) as the single
67l R\ 2 dynamical variable and regard the forces simply as a func-
Fy=—? _) (2—%). (4)  tion of the deflection and of timef=F(x,t). With m the
h 12 mass of the upper surface we have

Here 7 is the viscosity, which at standard temperature and .
pressure for air equals 2810 ° kg m™*s %, and for water MX=Fi(0) +Fa06 D) +F(x.0). ©)
equals 1. 103 kg m~'s . As aboveh is the separation of This is a second order nonlinear differential equation for the
the surfaces. The quantit is the Derjaguin geometrical deflection of the spring. The initial condition is thattat 0
factor related to the mutual curvature of the two convex bodthe surfaces are far separatef))<0, and(generally that
ies; for the two identical spheres depicted in Fig. 1 it equalx(0)=x(0)=0. In the steady state situation=0, and
their radius. The final parenthetical quantity is the mutualgq. (2) is valid. For stationary surfacesy=0 (becausex
speed of approach of the surfaces. The hydrodynamic drain;zzo) and Newton’'s equation reduces to E@). More
age force is repulsive when the surfaces approach each oth enerally however, one measufg while the surfaces are
and is attractive when they move apart. The surface forc L . - .
that we shall use in this section and the next is the van de motion, in which casa#0 and Eq/(6) shows that neither
Waals attraction g. (1) nor Eq.(2) holds.

' It proved straightforward to solve this equation numeri-

zg cally to obtain the trajectory of the upper surface. We used
T el (5  simple time stepping, where the new positionxig+A;)
=Xx(t)+x(t)A;, and the new velocity wag(t+A;)=x(t)

Here A is the Hamaker constant, which for glass surfaces i”+$'<(t)At. The acceleration is as abO\b'e(,t)= F(x(t),t)/m.
air we take to equal § 10*%J, and which in water equals A conservative value oA,=2.5 ns gave good accuracy; an
10°% J. (Since the producAR always appears, one could orger of magnitude larger value could be used away from
alternatively interpret the present results as applying to bodsyntact and for slower driving speeds.
ies with a smaller Hamaker constant and a larger radius of | the absence of surface and drainage forflasge
curvature) This van der Waals force is based upon agenarations, slow motionthe upper surface executes simple
Lennard-Jones 6-12 potentllql. .If. this is integrated pairwisg, 5 monic motion with frequencl= (\k/m)/2. We tested
over the atoms of two semi-infinite planar half spaces angy,q computer program by confirming that this frequency ap-

the Derjaguin approximation invoked, then the above 2-80,1e in our numerical solutions at large separations for
form for the force results. The second term in parenthesegppropriate initial conditions.

arises from the short-range repulsion between atoms. The
quantityz, is the separation of lowest energy for two atoms,
which here we set equal to 0.35 nim=z,/2Y% is the equi-
librium spacing of planar surfaces under zero load. For future ~ We used the above expressions to model typical mea-
use we note that these parameters correspond to a surfaserements of the van der Waals attraction between surfaces
energy ofy=A/167z5=0.08 J m 2, in air. The results are shown using representative parameters
We can now use Newton’s equatidh=ma, to find the  for the MASIF in Fig. 2. The driving velocities used, 0.1-10
motion of the upper surface. Since the positifh) and ve-  um s 1, span the practical range of the devices. Note that it

—AR

Fs= o2

2. The effect of inertia
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is the Hamaker constant times the effective radius of the
contact region that enters into the surface force law. The
value that we use for this product was determined from the
pull-off force (jump-out distanckin the experiments that we
report later.

It is clear from the figures that in dynamic force mea-
surement one cannot simply take the measured spring deflec- I h=x,-z
tion to be equal to the surface force. One can see that the
magnitude of the deflection in a static measurement, when
F=—Fs, is larger than that in a dynamic measurement, and

that the discrepancy between the two increases with the driv- //
ing velocity. The effect is due to the inertia of the upper
surface, which limits its acceleration in response to the sur- 7.

face force. Before the system has had time to equalize th[(_eIG 3. A more realistic model of the force measurin .
. .3 g devices. The lower
surface and spring forces, the lower surface has moved fukyface is mounted on a translator and the upper surface is mounted on a
ther toward the upper one, which decreases the separati@antilever, which consists of a flexible beam of lenyth and a rigid tip of
and increases the surface force. In consequence the defléergthL,. The deflection of the end of the beamxis and the deflection of
tion in a dynamic measurement always lags that of a statiﬁ‘e.e”d of the tip isc;. The fip makes an angle &= (x;~xo)/L, to the
. . orizontal.(The deflection is greatly exaggerated in the figure; in all cases
measurement. The dynamical trajectory of the surfaces mugke L, so that taf=6.) In the absence of any interaction between the sur-
be taken into account for a quantitative measurement of theces,x,=x,=0. The origin of the coordinate system used for the lower
surface force. surface is such that the separation between the surfabesxs— z. For the
The present calculations follow the motion of the sur-MASIF Li~Lo, and for the AFML, <L,
faces into contact. There is a relation between the underesti-
mation of the surface force shown in Fig. 2 and the statidVe deal with the issue of the MASIF spring constant in
jump into contact that has previously been used to measur@etail in Sec. 1B 2.
attractive surface forc€s® That jump follows the tangent to In summary, inertial effects can be expected to be sig-
the van der Waals curve at the point of static equilibrium,nificant when the collision time is shorter than the period of
and as such also underestimates the actual van der Wadfe resonant vibrations of the loaded cantilever. To quantify
attraction(shown dotted in the inaccessible regiofts rela-  this suppose that the spring deflection can be measured with
tion to the present calculations is that it is the deflection tha® resolutionA,. Then a change in separation is significant
would occur for an infinitely slow approach of the lower WhenAp=KkA,/|F’(h)|, which depends upon the gradient of
surface. The underestimation that we discuss here is an arff?¢ surface and drainage force. The time for this change in
fact of dynamic force measurement that arises from the finit€eparation to occur i&;= Ay, /z. Inertial effects will produce
speed of the approach of the lower surface. measurable artifacts when the characteristic time scale of the
In these calculations we have included the aerodynamicantilever is larger than this. It takes a quarter period for an
drainage force, even though in air it has very little effect. It isundeflected cantilever to reach its maximum deflection,
certainly not the cause of the marked underestimation of thevhere the period of resonant vibrationsTis- 1/f. Hence in
attraction. A close inspection of the trajectory for the fastesterms of the dimensionless parameter
speeq of approach in Flg. 2 show§ an initlgicreasen the T 2|F’(h)|
magnitude of the deflectioiiThe trajectory was started from o=—=—-—"" 7)
the equilibrium deflection at 50 nm separatjomhis small 4A,  AfkA,
additional repulsion is typical of the effects of aerodynamic
viscosity in these calculations.
There is a certain ambiguity in the choice of spring con-

inertia is measurably significant wher>1. In words, iner-
tia is non-negligible for weak springs, fast driving velocities,

; . . and at separations where the force is rapidly varying. Inertia
itant fzr thedl\/IIASIlt:hthat a?lses fr(t))m 'gnoring the (laxtend_e is unimportant in systems with high enough resonant fre-
Ip. and modeling the cantilever beam as a simpie Sp”.ngquencies(stiff spring, low mass Whether or not it is mea-
The results shown in Fig. 2 are for the force-measurin

%Surable in a given situation depends upon the resolution with
spring constantk=87.2 N m 1. The sensitivity of the cal- g P P

) : which the spring deflection can be measured.
culations to the spring constant can be gauged from the fact

that the measured resonant frequency of 66 Hz, in combineE Cantilever beam

tion with the measuk 2 g mass of the tip would, for a

simple coil spring, correspond to a spring constant of 350 N We now explore a more sophisticated model for the
m~ 1. However using this value instead kE=87.2 N m!  force measuring devices, namely that depicted in Fig. 3. In
does not qualitatively change the figure. The deflections athis model we explicitly take into account the fact that the
contact for the dynamic trajectories decrease by a factor adpring is a cantilever. We shall primarily focus on the
1-2, in going from the fastest to the slowest driving speedMASIF, which has an extended rigid tip with;~L,. The

and the static van der Waals deflection decreases by aboutaodel could also be modified and applied to the rectangular
factor of 4. This observation confirms our expectation thatbeam cantilevers of the AFM. In this cakg~L /15 could
using a stiffer spring will minimize artifacts due to inertia. represent the extra rigidity of the end of the cantilever where
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the stylus is attached or alternatively~L /50 could repre- 2. The MASIF spring constant

sent the length of the stylus itsdlbut at right angles to the We now digress to discuss in detail the spring constant

cantilevey. This and similar modefs*“are most appropriate of the MASIF in light of these results. Confusion or ambi-

for the analysis of AFM spring constants in static force mea-_ . . s
, uity arises in this case because of the extended nature of the

surement. Some of the novel features that we find here fot. .7 o . X .
igid tip, L1~Lg, which is not an important consideration in

o f
the MASIF(such.as the distinction between the gpparent anﬂ1e AFM wherel, <L ,. The most important quantity for the
the actual position of the surfaces and the influence o . X .
measurement of surface forces is the force measuring spring
constant, which may also be called the effective spring con-

torque will also apply to the AFM in the static case, and we
discuss these in detail in the second paper in this sb'5r|e1~:.Stant of the device. This may be measured directly by apply-
ing a forceF, at the end of the tige.g., by hanging small

However since the mass of the AFM cantilever is not negli-
gible compared to the tip, the dynamical problem shoul asses thejeand measuring the deflection at that posi-
ion. Note that a forcé-, acting on the end of the rigid tip

really be solved by finite element analysis, which is beyonc{?1
ives a forcd=o=F, and a torquer=LF, at the end of the

the scope of the present investigation.
The important dynamical parameters here are the dGﬂe(Tgl_exible cantilever. Using the above relationships and the fact
that Xx;=Xo+L,6 we have for the force measuring spring

tion of the end of the flexible cantilevey, the deflection of
the end of the rigid tip«;, and the tangent at the end of the constant
cantilever 6, which equals the angle of the tip. The deflec-

tions that we deal with are exceedingly sma}:is typically F, 1/2 L,
on the order of nanometers, wherdagis of the order of k=-—=F ——{ =FoL3+7L2 |+ —=(FoL2+2Ly7)
- 1 2B\ 3 oo 0 oo 0
millimeters. Hence one can always use the small angle ap- *1 2B
proximation, which among other things means that
=B / (L33+L3L,+LoL3). 14

NI @ /( 5/3+LLatLolD) (14)

1. Elastic energy The beam flexibility parametd8 may be determined from

_ _ _ this in terms of the force measuring spring constant and the
According to the classical theory of elasticitya force dimensions of the device, which may be measured.
or a torque applied to a cantilever beam causes it to bend, \we confirmed the validity of this model and of the
and an amount of elastic energy is stored. In equilibrium theanalysis by carrying out a series of measurements for the

force and torque determine the deflection and angle of thgjag|k. Briefly, we measuretl,=L,= 15 mm anck=87.2
end of the beam, and the elastic energy can be rewritten iy ;=1 \which givesB=6.6x 10~* J m. For the same canti-

terms of these: lever we then placed masses approximately half way along
28 the tip, and measured the deflection of the end of theip
U(Xo,0)= —3(3XS—3X0L09+ LSGZ). (9) Inf?ls case the ratio Qf the force to the deflecthr_l was 124 N
Lo m~*, which gives, using an appropriately modified form of

the above formulaB=6.9x 10 * J m. These values would

Here B=EI is the elastic parameter that depends uporyive an “intrinsic” spring constant for the bare cantilever
Young’'s modulus and the geometric second moment of theyithout its tip of 550—600 N m?.
beam. Differentiating with reSpeCt to the deflection giveS the We performed further measurements on a similar canti-
force exertecbn the end of the beam, lever, measuring botk, andx, and obtained values @& in
the range 5—& 10 # J m. These latter measurements were
carried out to check whether there was any rotation of the tip
about its clamp. We concluded that any such rotation was
small enough to be neglected for the present purposes. We
and differentiating with respect to angle gives the torque actually developed and solved the equations of motion for
this more complicated model of the MASIF, and found that
the results were essentially the same as the ones given below
when no movement of the clamp is allowed.

The difference between the effective spring constant,

These equations may be solved to give the standard expre\é’-hiCh is required to measure forces, and the intrinsic spring

sions for the deflection and the angle in terms of the appliegPnstant of the bare cantilever, is a consequence of the ex-
force and torqué® tended rigid tip and the fact that a cantilever spring is used.

The leverage of the tip reduces the stiffness of the system.
2 s ) We emphasize that the piezo-electric bimorphs used in the
3Fokot7lo), (12 MASIF do not behave as double cantilever springs, and that

there is no parallel displacement of the surface upon deflec-
and tion. We have confirmed this fact by the above measure-
ments, and by analysis of the mechanical and electronic be-
havior of the device. The importance of the observation is
that in calibrating the device the force-measuring spring con-

du 2B
FO: I :_3(6X0_3L00), (10)

L
oo

2B _,
= F(2Loa—:«3L0x0). (12)
0

Xo

XOZE

1
6= E(FOL(%JF 2Lo7). (13)
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stant must be obtained in the way described above, and usirg,(h) = —dUg(h)/dh, we use the fact thath/dq,= —1/2,
any other spring constant will lead to systematic errors in theind that ¢h/dqz=1, which follow from h=qz—q,/2

guantitative estimation of the surface forces. —z(t). Hence the equations of motion are

This point can be made in another way by reference to 5 2
the resonance frequency of the simple model. The mass % - :_ZB 6+9E+ % q.— 3ﬂ+3ﬂ q
the tip is m=2.035 g, and using the measured resonance “™“ |3 L, 212/ L, L2 A
frequency off =66 Hz, one obtainsn(27f)?=350 N m 1,
which is intermediate between the force measuring spring —E(F FEy) 17)
constant and the bare cantilever spring constant. In other 24 s Tk
words, one cannot use the resonant frequency and the simple ) ’
spring model to deduce the effective spring constant of the = - ___ZB _ 3ﬂ+3ﬂ +ZE F(FHEy)
device. We return to this point below, but in essence the #7#" |3 L, L2 o quﬁ strdk
problem is related to the moment of inertia due to the angular (18

motion of the extended tip. It does not arise to the same
extent in the AFM, where resonance methods are commonl
used to determine the effective spring const4st.

ote that these equations treat the hydrodynamic force as if
¥ were derivable from a potential. This system is a set of two

coupled second order differential equations. It is straightfor-

ward to solve these numerically by simple time stepping, as
for the simplified model.

3. Equations of motion

We now need to augment the elastic energy with an4' Resonant frequency

equation for the kinetic energy. This is just The set of dynamical equations in the absence of surface
L or drainage forces may be written in matrix form, and the
! : - i lues\ . give the resonant frequencies of the normal
=2 [ oyeeyird cigenvalues... give the quencies of U
Zfo p(y)(xg+yo)dy modes in the usual fashioh, = — X\ . /2. It is straightfor-
) ward to derive the algebraic expressions for these, but since
1 my|., Img . 3. they in themselves are unilluminating we do not reproduce
2 m0+7 Xot 3 3 Lib+ %) - 19 them here. For the case of the MASIF, with=L,=15

mm, me=m;=1.0 g, andB=7x10"*% J m, we obtainf

Here we have modeled the mass density of the beam and ting0 Hz andf =470 Hz, andk=89 N m . We checked
as consisting of a mass, at the positiory=0 where the tip  that our numerical calculations gave the low frequency
is clamped to the beam, and a massuniformly distributed  mode, which independently verifies our analysis and its
along the tip,p(y) =myd(y) + my/L;. For the MASIFmM,  implementation, and also the accuracy of our numerics.
~my, and the mass of the beam is negligible. For the AFM  The fundamental frequency calculated for the model is
the mass of the beam, is significant, and the mass of the about 10% lower than the measured resonant frequency, and
tip is small,m;~mgL;/Lo. The massmg is somewhat less the force-measuring spring constant is about 2% too high.
than the mass of the beam, and a reasonable approximatiqrhis represents a guide to the accuracy that can be expected
would be to taken,=33m,/140, which is the effective mass from a comparison of the model calculations with the experi-
used in resonant frequency calculations for rectangular cammental data. In any case the cantilever model of the appara-
tilevers. tus yields values that are obviously more consistent with the

The expression for kinetic energy suggests using twWameasured ones than does the simple spring model.
generalized coordinates),= Xy, with conjugate massn,
=my+my/4, and qg=L;60+3x0/2, with conjugate mass 5 pecoupling of the angle and the deflection
mg=m,/3. The latter coordinate can also be writtep
=X1+Xo/2, and hence the separation his=x;—2z(t)=qg
—q,/2—z(t). In terms of these the elastic energy becomes

Physically the low frequency mode corresponds to in
phase oscillation of the beam and of the tip. That is, when
the deflection is positive so is the angle of the tip. The high
, Lo( 3%) frequency mode corresponds to out of phase oscillation, with
30,—30,—| dg— the deflection and the angle being of opposite sign. One can

Ly 2 imagine that in the fundamental mode the cantilever beam
describes essentially a circular arc, whereas in the higher
(1)  harmonic it has an s shape.

The fundamental mode in essence represents the static
The Hamiltonian 'is th_e sum of the kinetic and'potential Sggtgr(lil;n:hreelsgggsoryz nbgtp;,;iig ;gfczng]?rr:g i:;?gfr?
energiesH=T+U. Sinceq;=JH/dp;, by construction we it the addition of a torque, in equilibrium there is a one to
have pj=m;q;, i=a, 8. Newton’s equations then follow one relationship between the two. That is, since in equilib-
from m,q;=p;= — dH/dq;, where the right side is the gen- rium the applied force determines uniquely both
eralized force. The cantilever force follows from the deriva-x,=xq(F;), and 8= 6(F,) [as given above in Eq$12) and
tive of the cantilever potentidl, . For the surface force, (13), with Fo=F, and r=L,F,], then we can equally well

2B
Uk(dy,dp) = —3
I-O

2

Ls[  3q,
+ J— —
Li( T
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regard 6= 6(Xg), or Xo=Xq(#). In fact since bottx, and 6
are linearly proportional to the applied force, then they are T= >
linearly proportional to each other. This relationship is ex-

3 2_1M.2
> 10 =3 07,

. Imyf .
Liﬁz'i‘ H( L,60—

my
Mo+ —
4

ploited in the AFM where the light lever actually measures (22)
the change in the angle of the tip of the cantilever. By aswhich gives an effective mass of
suming that this is linearly proportional to a change in the _ 2
deflection, which it is in a static or steady state situation, one M= (mo+my/3)L1. (22)
can calibrate the device as usual. The cantilever elastic strain energy becomes
However the above dynamical considerations show that
the angle and the deflection need not always be proportional 2B 2.0 2y 2 L 2
k Up=—73(3L16°+3L1L o0+ L16%)= 5K 6", (23
to each other. In the case considered above, namely the o 2
higher harmonic resonance, they actually had the oppositeh. h ai frecti : tant
sign. We shall shortly use our numerical results to show thaf/"'cN QIVES an etlective spring constan
the decoupling of the angle and the deflection can occur in 2B _, )
other common situations. K=2—(3L1+3L1Lo+L1). (29)

One consequence of this decoupling is that one loses the 0
location of the upper, spring-mounted surface, and hencglence the frequency of vibrations of the cantilever when the
also the separation. For the AFM, which measures the angleurfaces are in contact is
of the tip 0, the static equations give for the apparent deflec-

; K
tion, = \/—
f =N (25

5 L3/3+L2L +LoL2 For the parameters used to model the MASIF, this gives

X1(0)=260 > . (19 =331 Hz, in agreement with our numerical calculatidsse

Here we use a tilde to denote the fact that this is an apparet results

deflection that relies upon the equilibrium relationship be- . .
tween the angle and the deflection, and that it can only be Figure .4 shows the calculated trajectory fo_r the MASIF
'nder the influence of a van der Waals attraction at several

uaranteed to represent the actual deflection of the cantilev&l® »
Sp in the static oFr) steady state situation driving velocities. Both the actuafull curve) and the appar-

The e possalty is st one messures the defiectiof 9120 U deflectn and separaon re showr, The
of the end of the cantilevery and one uses the equilibrium PP I y

relationship to deduce its apparent an@(&o) and hence the Ehe cantilever beanx, and the equilibrium angle(xo),

. ~ _ ~ . X1(Xo) =Xo+L16(Xo). Several pertinent features in the
rent deflection of the tipy (Xo) =Xo+ L1 8(Xg). Explic- 1470/ 20 T =1VA%0/ == T ) . ;
ﬁlzpa ent deflection of the tip (o) =Xo L1 0(xo). Explic curves are numbered in Fig(a, which we now discuss in

detail.
At large separation€l) the apparent trajectory coincides

L3/3+L3L,+LoL? with the actual trajectory, and the negative deflection in this

oL3+3L2L (20) regime _indic_at_es an att_raction. As for_ the simp_le spring_, Fig.

0 o-1 2, at this driving velocity the dynamic deflection consider-

ably underestimates that of a static measurement of the van
We use this second model for the MASIF. In actual fact theder Waals force. What can also just be made out at large
charge that develops on the piezo-electric bimorph cantilevegeparations at the slowest driving speed, Fig),4s the low
used in that device is a functional of the shape of the benfrequency free vibration resonant at 60 Hz. Because the ini-
cantilever, and it is a simplification to take the measurementjg| conditions had the surfaces in static equilibrium at 50 nm
as entirely due to the deflection of its ergl Nevertheless it separation, the amplitude of these vibrations in these particu-
serves to illustrate the consequences of the decoupling ®4r calculations is rather small.
deflection and angle in dynamic force measurement. In both  As the upper surface jumps into cont&®}, there is an
cases the apparent separation is of cotirse; — z. increasing discrepancy between the actual position and the

We shall show that the decoupling of the angle and theapparent position of the end of the tip. In the inset it can be
deflection of the cantilever is most apparent in the postseen that the surface accelerates into contact. This is shown
contact experimental data. It is straightforward to calculateby the increasing separation between the squares, which rep-
the resonant frequency in this situation. When the surfacemesent snapshots equally spaced in time. The apparent deflec-
are in contact the deflection is essentially constant, which fotion is almost constant in this regime for this the fastest
the present purposes can be takenxas 0. (The steady driving velocity.
driving of the lower surface does not affect the frequency of ~ When the surfaces first make contd8j, the apparent
the vibrations. Hence one now has only one degree of free-deflection and separatiod) show a considerable la§The
dom, since the cantilever deflection and angle must satisfpoints (3) and (4), indicated by filled symbols, coincide in
0=Xxq+L16. Eliminatingx, from the kinetic energy one has time.] In fact, there is an apparedecreasen the deflection

7<1(Xo) =6Xo
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20 After initial contact the surfaces bounce off each other

(5) in consequence of the elastic effects of the collidisee
below). The rapid acceleration and change in direction asso-
ciated with the first bounce is magnified by the apparent
motion of the surface&); the reversal in the rotation of the
tip about its center of mass causes a rapid changg and

hence inx;(xo) andh(xg). In the absence of the present
calculations, which show that the surfaces have actually al-
ready come into contact, this apparent acceleration would
most likely have been interpreted e jump into contact.

It is the top of the kink, where the jump in the apparent
trajectory begins, that signifies the instant of initial contact.
This is most evident at high driving velocities. At lower ve-
locities [Figs. 4b) and 4c)] apparent contact can be identi-
fied by the increase in acceleration of the surface.

The apparent jump into conta¢6) is due to a rapid
acceleration of the end of the cantilevgy, with x; essen-
tially fixed at contaci{the amplitude of the bounces is about
a nanometgr The momentum oX, causes it to overshoot its
equilibrium position, before decelerating and reversing direc-
tion. This simple harmonic motioK7) is the fundamental
vibration of the beam in contact. The frequency of these
vibrations is the 331 Hz calculated above. The fine structure
in the very first period of vibration in Fig.(4) reflects the
bouncing of the elastic collision.

These post-contact vibrations give an apparent oscilla-
tion symmetric about the actual contact position. At low
driving frequenciedFigs. 4b) and 4c)], the amplitude of
the oscillationghalf the difference in successive extrema of
the apparent separatipis approximately the same as the
position of the jump(3.25 and 3.62 nm, respectively, far
=0.16 um s 1), whereas at high velocities the amplitude
increases and the jump position decreddess and 2.71 nm,
respectively, az=6.4um s1).

The amplitude of the vibrations calculated here does not
‘ ‘ decay because we have not included any dissipative terms in
s 0 s 10 5 0 25 our calculations for the motion of the end of the cantilever
© Separation, h (am) Xg- The amplitude of the actual bouna@ decays due to the

FIG. 4. The deflection at the end of the tip as a function of separation for théleSIpatlve dram_age term acting @q. As _mentloned above,
cantilever model of the MASIFR=1.45 mm,my=m,=1.0 g, L,=L,  the pouncgs_ arise from the conservation of energy of the
=15 mm, andB=7x10"*J m). The bold curve is the static van der Waals €lastic collision. The bottom, driving surface acts like an
attraction A=5x10"*°J, k=88.9 N m %), the solid curve is the actual infinitely massive wall. In the moving frame of reference, the
deflectionx, and separatioh, and the dotted curve is the apparent deflec- top surface would have enough Kinetic energy to escape the

tion x,(xo) and apparent separafidrixo). The inset shows the jump into  hhtential well of the attractive surface force, if that alone
contact on an expanded scale; the symbols are equally spaced iridifne

ferent in each figupewith the filled symbols denoting the instant of first were acting. Qf COUI’.SG ene_rgy is Continua”y being_ stored,
contact.(a) The driving velocity isz=6.4 um s %, and the spacing between and returned, in the increasing deflection of the spring. En-

symbols is 0.025 mgb) 1.6 um s, and 0.075 ms(c) 0.16 um s %, and  ergy is being dissipated by the drainage term that is associ-
0.1 ms. ated withx;. The former effect causes an increase in fre-
quency of the bounces, and a small decrease in amplitude. It
and a consequent apparejﬂcrease'n the mutual speed of is the dissipative drainage term that is primarily responsible
approach of the two surfaces up to this point. The differencdor the marked decay in the amplitude of the actual bounces
between the actual and the apparent behavior of the surfa¢8). This contrasts with the neglect of any dissipative forces
is due to the rotation of the extended tip about its center ofor the motion of the cantilever itself;. Since the elastic
mass: when the end of the tip accelerates into coi®cthe  energy due to deflections is additive, the only mechanism in
base of the tip where it is clamped to the cantilever actuallythe model for damping the vibrations of the beam is via the
moves in the opposite directidin the frame of reference of motion they induce irx;, but this is rather weakly coupled.
the center of mass of the imo thatx, is approximately Consequently in this model the amplitude of the apparent
constant, and hence soxs(X,) (4). oscillations is constant on these time scales. A more realistic

Deflection, x (nm)

Deflection, x (nm)

Deflection, x (nm)
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model would include the dissipative terms for the motion oftions of motion, Eqs(16) and (17) above, give the unde-
the cantilever itselfe.g., Stokes dragand for the frictional formed separatiom=x;—z(t). The precontact surface and
dissipation due to the consequent shearing and rolling at cortrainage force is however now given By(H), not F(h),
tact. The latter is the most important, but modeling it is be-and it remains to be shown how to calculate the physical
yond the scope of the present paper. separatiorH and the deformatio®. Post-contact we use the
It should be clear that the apparent oscillatory motion oflatter to calculate the force due to elastic deformation.
the surfaces due to the cantilever vibrations is not directly  For the precontact situation we shall use the analytic
related to the bouncing of the elastic collision of the surfacesapproximations of Attard and Park&r?® For the van der
Rather the initial transient of the latter serves to stimulate th&Vaals attraction, the deformation prior to the jump into con-
resonant frequency of the beam with the end of the tip fixedtact is given by’
The large amplitude oscillations here do not represent the
actual motion of the surfaces, but are rather the apparent S—— \/ﬁ_A 1-v?
motion that results from measuring nothing but the vibration 8 E
of the cantilever. In particular no negative separations can
actually occur in this modelinfinitely rigid spheres and  WhereE is Young’'s modulus and is Poisson’s ratio(This
after the bouncing has died down the actual separation bétses only the attractivid ~2 part of the van der Waals force
tween the surfaces is approximately the equilibrium separasince the short-range repulsion is negligible prior to the jump
tion under zero |oadZO/21/3= 0.28 nm. The surfaces are ac- into contact; it would be straightforward to use the whole
tually forced closer than this as the load is increagesitive ~ force law’.) This result gives the deformation as a function
deflections but only by fractions of a nanometer. In practice of the actual separatiod, but the quantity that we actually
modeling the bodies as perfectly rigid spheres is not a gooinow at any instant is the undeformed separatir) (from
approximation in the post-contact situation, and we now furthe numerical solution of the equations of motion up to this
ther refine the model to incorporate the effects of elastid?0in). However we have another equation that relates the
deformation of the surfaces on the collision. two unknowns, namely=H —h. Hence we have two equa-
tions in two unknowns, which are easily solved by simple
iteration; in practice two iterates sufficed.
C. Elastic deformation Under an attractive surface force there is an elastic in-

A complete description of dynamic force rneasurememstab|I|ty that causes the surfaces themselasdistinct from

must include the effects of the elastic deformation of thethe centers of the two spheje® jump into contact. This

surfaces due to their mutual interaction. Under a van dep©-c@lled jump separation is givenBy

H —5/2’ (26)

Waals attraction, the surfaces themselyas distinct from 2\ 27

S 3A 1-v
the center of mass of the bodjasitially bulge towards each H*=| VR— . (27
other before jumping into contact due to an elastic instabil- 8 E

]'(g'tt(’;'\;‘inth%s;?;:f: d::ethin;enngjdrtr;ez; dtowards each OtherOur strategy then is to solve the equations of motion up until
9 PP ' the jump separation using the surface and drainage forces

lt. IS most |m_portant to account_for th(_a effects c_)f muFuaI calculated at the physicatleformed surface separation, as
elastic deformation of the surfaces just prior to the jump in 10 st described

contact, and post-contact. We incorporate these effects mljo At the jump separation we assume that the physical sur-

the equations of motion using certain analytic approximas., .. instantly jump into contadt = Ho=z0/2"%. The justi-

tions for the static force—deformation relation at the CoN-¢. . ti ' Lo . -
. 26_28 . . ication for the first assumption is that since it is only a
tinuum level- (Molecular level calculations of elastic de-

formation under van der Waals interactions have beesurface jump, the mass associated with it is infinitesimal
. 20 T IEompared to the mass of the bodies and the tip, and hence it
carried out by Tanget al?®) First we need to distinguish

between the physical separation of the surfaces of the dé)_ccurs on a much faster scale than any other motion. The
formed bodieg >\l/vhich Ws shall denote by, and the so- justification for the second assumption is that the actual
called undefor,med separation. For the p;erfectly rigid physical separation of the surfaces in contact is always

spheres used above the two coincide. For deformable su\rA—Iithin some tens of picometers of the mutual equilibrium
P . . : : Separation of planes, even under much higher loads than are
facesh is the separation that the surfaces would have in th

. . "Spplied heré’
absence of any interaction; for the two spheres used here it |§3p|n this post-contact situation we shall use the approxima-
the distance between their centers minus twice their naturz%l 26 -y
radius. On phvsical arounds one must alwavs heve0 jon due to Johnson, Kendall, and Robe(#R).“® This
us. ©n physical grou : nu way ) gives the elastic deformatiafand the radius of the flattened
(The location of the surfaces is defined by the zero of sepa:

. . circular contact regiora.. , due to an applied loaH,
ration that appears in the surface force la®@n the other glona.. PP d

hand it is permissible foh to be negative. A negative value 3(1- ¥R

indicates that in the absence of any surface force or defor- ai=—[F5+ 37yR/2

mation the surfaces would have interpenetrated. The central 4E

deformation is 6=H—h: a negative deformation corre- +\37myRF,+ (37yRI2)7], (28)

sponds to the precontact bulge, and a positive deformation
corresponds to flattening under an applied load. The equand
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232 4mya. (1—1?) occur one would use the controlled deformation pull-off
So=—-— — . (29)  value as the elastic force until the extension decreased suffi-
R E ciently to use the algorithm just described.

) Our treatment of the post-contact situation involves a
For the van der VZVaaIs attraction used _here, _the surface epumber of simplifying assumptions. Although these are dy-
ergy isy=A/16mz;>0. These two equations give the defor- namic calculations, we use the equilibrium relationship be-
mation as a function of the forc&(F ;) via the intermediary tyween the deformation and the applied forces. This is likely
of a.., which is discussed below. It is numerically straight- gnpropriate given that such a small fraction of the total mass
forward to invert the relationship to obtal,(é). The de- s jnyolved in the actual deformation. A related consequence
formation force represents the force exerted on the UPP&Sf this assumption is that there is no pinning of the contact
body by the lower driving body, which causes both to de-jine as the two solid surfaces spread on each other, and that
form by a total amound. The deformation must of course be the motion of the line is reversible. This assumption is im-
calculated as part of the motion. _ plicit in the JKR theory, in which there is no hysteresis, and
The modified forms of the equations of motion EGE)) s therefore consistent with the present level of analysis.
and(18) are However one should be aware that in practice soft adhesive
bodies do show hysteresis in the loading—unloading cycle.
—2B Lo 9Lj Lo L Sophisticated numerical calculations show that hysteresis
6+9|__1 + 2_|_§ Qa™ 3,__1 +3|__§ sets in for values of the characteristic elasticity and adhesion
parametero= yR/I2z3(1— v?)/E around unity?’ In the
present calculations=5, and so using the JKR approxima-
tion limits the quantitative accuracy of the comparison with
experiment in this regime. Finally, and related to the neglect
2 of hysteresis, is the neglect of friction and other dissipative
g,+ 2_0% +F(H), mechanisms in the post-contact mutual wetting of the sur-

2 . .
L1 faces. To compensate for this somewhat we have retained the

drainage term in the equations of motidfy[ Hq,z—X,(t)],
which at some level represents the situation at the circumfer-
ence of the contact region.
: . For the parameters used herd=5x101° J, z,
(H)= Fs(H)+Fy(H,H), H>H (32) =0.35 nm, R=1.45 mm, and the elasticity of glass,
Fs(8)+Fgq(Hg,z—X;), H<H*. E/(1-v?)=6x10" N m~?] the equations of Attard and
Parkef’ give the jump into contact ad* =1.46 nm and the
In essence one has three unknowmsH, and§. The equa- bulge at the jump ag* = —0.49 nm, which give an unde-
tions of motion give the trajectory di(t). For the current formed surface separation bf =1.95 nm. Using the surface
value ofh(t), prior to contact one simultaneously solves theenergy for the model ¥=0.08 J m?), after contact the
two deformation equations, ER6) andd=H—h(t). Hence flattening under zero load amounts de- 3.3 nm, according
one calculatef(t+A,) from the equations of motion. In the to the JKR resulf® As we shall see the amount of flattening
post-contact situation one hbk=H,, and hence for the cur- changes little under the loads applied in a typical experiment.
renth(t) the central deformation i§=Hy—h(t). From the
JKR expressions, Eq$28) and (29), one calculate§ 5(5) 1. Results
and hencén(t+A,) from the equations of motion. In this section, which presents the results of our analysis
As mentioned above, prior to contact the deformationof the effects of elastic deformation, it is important to distin-
equation(26) was solved by simple iteration. Post-contactguish between th@hysicaltrajectory, which is that of the
the JKR expressions, which giv&(F;), were solved for deformed surfaces themselves, #wtualtrajectory, which is
Fs(8) by binary search at each time step. In general theghe motion of the undeformed surfaces, and &pparent
positive root for the contact radius is chosen; immediatelytrajectory, which is the motion of the undeformed surfaces
after the jump into contact it may be necessary to choose théeduced from the deflection of the end of the cantilever.
negative root in order to obtain the necessary deformation. Figure 5 shows the effect of mutual elastic deformation
More precisely, on the positive braneh , the deformation on dynamical force measurements in the MASIF. Essentially
decreaseswith decreasingload for loading forces greater four features emerge upon comparison with the respective
than the so-called controlled force pull-off forcds;  results in Fig. 4: the more well-defined kink marking the
= —3myR/4. If one requires an even smaller, more negativeapparent jump into contact at higher driving speeds, the in-
deformation than at this poir(a larger extension since the creased amplitude of the vibrations of the cantilever in con-
surfaces are here under tensiame must go to the negative tact, the negative actual undeformed separation post-contact,
brancha_, where the deformatiodecreasesinderincreas- and the elastic vibrations in contact.
ing load up until the so-called controlled deformation pull- The kink in the apparent separation that denotes initial
off force, F 5= —57yR/12. Immediately after the jump into contact is much more marked in Fig(abthan in Fig. 4a).
contact the extension could possibly be larger than the maxindeed, the apparenincreasein separation andoositive
mum predicted by the JKR approximation. If this should change in the deflection can still be seen at the slower driv-

maaa: q,B

F(H), (30

Lo L2
—|32+33
L, L2

3
0
1
2

—2B

L3

mgdg=

31)

where
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20 where prior toh* the total negative apparent deflection is
small, the increment is sufficient to make the apparent de-

flection’X,(X,) positive. By the conventional static interpre-

tation, this positive deflection would be interpreted as a re-
pulsive force. In fact of course it is a consequence of the
extremely strong van der Waals attraction approaching con-
tact, and of the dynamics of the force measuring procedure.

As mentioned above the base of the kink corresponds to
the surface jump into contact. The top of the kink corre-

‘ ‘ ‘ sponds to the next change in direction of the motion of the
s 0 5 10 s a0 .5 actual bodies, which occurs at the deepest penetration
Separation, h (nm) [h=—6.32 nm in Fig. a)]. This change in direction of; is
levered by the length of the tip and produces the change in
motion of Xy, which is the transient that induces the vibra-
tions in the cantilever beam. The amplitudes of these vibra-
tions are much larger in Fig. 5 than in Fig. 4, due essentially
to the greater amount of energy being available in the de-
formed case. The van der Waals potential energy that is con-
verted into kinetic energy by the collision is essentially the
surface energy times the contact area; the latter is much
larger for the mutually flattened deformed bodies than it is if
deformation is not allowed. The amplitude of the apparent
oscillations(half the difference between successive extrema

1 o s . : o s M s in the apparent separatipis 9.4 nm at the fastest driving
(b) Separation, h (nm) velocity [6.4 um s 1, Fig. 5a)], and 8.8—8.7 nm for all the
other speeds examineg@®.2-0.16 um s ). This may be
compared to the amplitude in the absence of deformation,
Figs. 4, namely 4.7—3.2 nm. Hence not only is the amplitude
of the apparent oscillations larger, but they also are less de-
pendent on the driving velocity when deformation is taken
into account. The frequency of the vibrations is of course
still close to the calculated resonance of the beam in contact,
namely 331 Hz.

Turning now to the actual undeformed separation, what
is noticeable in Fig. 5 compared to Fig. 4 is the negative
values. In particular, for high loaddarge positive deflec-

‘ ' ' ‘ ‘ ‘ ‘ tions) the actual undeformed separation is close-&3 nm.

-15 -10 -5 0 5 10 15 20 25 . . .

(©) Separation, h (nm) This represents flattening of the surfaces from their un-

stressed spherical shape; the amount of deformatiod is

FIG. 5. Tip deflection for the same parameters and respective driving ve__p. _ \y _ _ _ _ ; ;
locities as the preceding figure, but taking into account the elastic deforma- h HO 3.3 0'3:_ 3'6_ nm. Except for Imm_edlately
tion of the surfacesB/(1— »?)=6x 101 N m~2]. The abscissa is the un- following the surface jump into contact, the flattening hardly

deformed separation, either actialll curve) or apparentdotted curvé. changes at all over the range of loads in the figurégures

5(b) and gc) show only tensions, but we have performed the

calculations up to positive loads corresponding to deflections
ing speed of 1.6um s * [Fig. 5B)]. Prior to the surface on the order of 1® nm, with little change. We shall show
jump separatiorH*, the van der Waals attraction is larger below that the effective spring constant for elastic deforma-
than in the undeformed cafE (H*)/F4(h*)=1.8], but be- tion under positive load is on the order of %10l m 1]
cause of the high driving speed the deflection is little af-Hence the primary effect of deformation is a shift in the zero
fected by this. The real change occurs when the surfacesf the undeformed actual separation compared to the physi-
have jumped into contact and spread on each other. There é¢sl separation.
an instantaneous increase in the attractive force that is mani- After the surfaces of the bodies have jumped into con-
fest by the change in slope of the actual trajectory at theact, the position of the center of mass of the bodigkich
undeformed separatidm* = 1.95 nm. The rapid acceleration corresponds td and x;) oscillates about the eventual flat-
of the tip in response to this much larger force causes &ned positionh=—3.3 nm. (Just after initial contact the
rotation about its center of mass that in this case is so rapidenter line of the oscillations is at more positive deforma-
that the position of the clampy actually moves in the op- tions and shows noticeable curvatyiréhese oscillations are
posite directionin the laboratory framewhich causes the the analogue of the bouncing of the rigid bodies of Fig. 4,
apparent increase in separation and a positive increment &nd as in that case they are a consequence of conservation of
the apparent deflection. At the highest driving velocity,energy in the collision. Since the physical surface separation
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is fixed atHg, the post-contact oscillations represent elastic 10
vibrations of the bodies. The deformation changes alternatel' s | .
from flattened to extended as the centers of mass approac e
and recede from each other with their surfaces fixed in con - T
tact. e 7

The frequency of the elastic vibrations may be calculated -9 |

using an effective spring constant. This arises from the elas‘:g.: 415 1

(nm

ticity of the bodies and is defined by 20
o _4Fs_[ da do - 3 25 |
° ds \dF, da] ’ >

This equation for the effective spring constant of Compliant(a)
bodies is of a general character, that can be used to correr
static surface force measurements for the post-contact situ:
tion. In the precontact situation Parker and Atf&rt§ have o
mapped the undeformed surface separation to the physici
surface separation by using the measured force and an effe
tive spring constant for the elastic bodies.

The JKR expression may be used to evaluate this equeg ;|
tion. For moderate compressions one can expand about ta
result for zero load. Using the contact area under zero load s |
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For the present parameterS/[1—1»?)=6X10"°N m 2, R 8 2

Pl

=1.45 mm,y=0.8 J m ?] this givesk,=10° N m~ 1. (This
is relatively constant with increasing load, but is about 30% -10 |
smaller at the maximum tensioriThis is much higher than 2 ‘ ‘ ‘ ‘ , ‘
the force-measuring spring constakt=89 N m ! (which 10 0 10 20 30 4 50 60 70
justifies the above statement that the primary static effect 0 Separation (nm)

elastic deforma_‘tlon is to shift the zero of separa)l;camd_ we . FIG. 6. Dynamic force measurement using the MASIF of the van der Waals
need not consider the latter further. In fact we can imaginénteraction between glass surfaces in air. In the main figure the experimental
that the base of the tig, is fixed (because the frequency of data(dotted curvghave been smoothed with a seven point moving average.
these elastic vibrations is so much higher than the resonaﬁpe apparent deflection is inferred from the bimorph voltage, as calibrated
f fth til d the effecti for th in the constant compliance regime under steady driving conditions. The zero
requ_enc,y 0 . € C,an ! evka_n SO the efrective mass, Orthe .t the undeformed apparent separation has been set eque8.fonm, as
elastic vibrations is essentially the moment of inertia of thecalculated using JKR theory. The bold curve is the static deflection due to
tip rotating about its basen,/3. This gives for the frequency the van der Waals attractio’AE5x 1071 J, R=1.45 mm,k=87.2 N

of the elastic vibration§=(1/27-r) ’3ke/m1=2.7 kHz. The m~1). The inset shows the jump into contact on an expanded scale; the

. . . . . . symbols are actual data, measured at equal time intefdiéferent in each
numerical calculations in Fig. 5 give 2.8 kHz, which con- L . 1 .
figure). (a) The driving velocity isz=6.11um s =, and a datum is measured

firms their accuracy and validity. every 0.1 ms(b) 1.57 um s %, and 0.2 ms(c) 0.16 um s 1, and 2 ms.

Ill. EXPERIMENT

Measurements were made of the van der Waals forc&f the piezo-mounted driving surface was measured with a
between glass surfaces in air, using the MASIF, which hadinearly variable distance transducer, using a polynomial fit,
previously been described in dethiThe surfaces were made as described previouslyThe bimorph response was cali-
by melting the ends of Pyrex rods to form spherical capsbrated in the constant compliance regime as usual. No at-
The caps are of uniform curvature and molecularly smadoth,tempt was made to control the humidity in the experiments
and their average radius was measured to be 1.045 mm. Thieported below.
force measuring spring constant was 87.2 N'rwhich was Figure 6 shows dynamic force measurements of the van
determined gravitationally as described above. The positioder Waals attraction using the MASIF. In all we measured
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forces at six different driving speeds, with 4—8 repeat experilow sampling rate means that the few data points ill define
ments in each case. The present selection spans the dynarttie rapid variationg

range that we measured, and the data are typical of the re- The apparent jump into contact is preceded by a kink
sults that we obtained. All of the features found in the theothat is most evident at the highest driving speed. Close in-
retical modeling occurred consistently in the dynamic forcespection of the inset of Fig.(6) shows that the kink is very
measurements. Features that can be seen in the figures inell defined and significantly above the noise levels of the
clude the lack of a measurable attraction approaching contadevice. The height of the kink is about 5 nm, compared to 2

and the noticeable kink at abdut= 15 nm, particularly atthe Nm calculated in Fig. @). (The discrepancy between the
highest driving velocities, and, in addition, the extremelycalculated and measured apparent amplitudes is discussed
rapid apparent jump into contact and the large amplitudé’emW-) This kink that signifies the instant of actual contact
postcontact oscillations. was present in all the experiments that we performed at high
At high speeds of approach, Fig(ah there is no evi- driving velocities.
dence of the van der Waals attraction at large separations. 1he physical elastic bounces are not directly measured in
This is consistent with Figs.(@ and 5b), which predict a Fig. 6(a) (in the sense that it is the apparent, not the actual,
deflection of about 1 nm prior to the kink. The noise level of deflection that is measuredNevertheless, just as they appear
the device due to mechanical vibrations is in these particulal? Fig- 5@, the effects of several of the elastic bounces are
experiments of similar magnitude, which makes it difficult to VISIb|(-Z‘, supenmppsed on.the first vibration of the cantlleyer.
discern unambiguously such a weak precontact attraction.n® time of the first elastic bounce, from the top of the kink
Here the noise induces two resonant vibrations: one at 66 H¥ the paired points half way down the apparent jump into
and the other at 24 HZThere is also electrical noise of €ontact, is five data points or 0.4 ms, giving a frequency of
much higher frequency.The higher resonance is just the 2.5 !(Hz..(The time betwgen successive data samples is 0.1
fundamental resonant frequency of the cantilever, and at thi®s in this casg.Alternatively, one can make out the first
velocity it corresponds to 48 nm per period. The low fre-three bounces ath(x;)= (0,~15), (=20,-25), and (—10
guency resonance appears to be one of the modes of tign,—15 nm), which correspond to the three apparent
whole apparatus bouncing on its elastic cords. The data lyingounces in Fig. & at (h,x;)= (—3,~5), (-9,-9), and
above the abscissa between 20 and 50 nm in F@.résult  (—12 nm~8 nm), respectively. The 12 data points that de-
from the combination of the two motions. It is not possible tofine these three bounces give a frequency of 3KQ1)
shield completely the device from mechanical or acoustic=2.7 kHz, which is in embarrassingly good agreement with
noise. Due to the low viscosity of air these resonances do nahe 2.8 kHz of Fig. 5, and the 2.7 kHz calculated from the
decay as rapidly as they do in liquids, which limits the ac-effective elastic spring constant for the bodies, E§S)—
curacy that can be achieved in these particular measur¢36).
ments. We measure the frequency of the post-contact vibrations
The apparatus resonance is more evident in Fig),6 of Fig. 6 and our other data to be about 350 Hihe 2 ms
(65 nm per periogwith the cantilever resonan¢24 nm per  sampling of Fig €c) is too coarse to give the post-contact
period superimposed. In Fig.(6) the apparatus resonance is oscillations reliably] This is in good agreement with the fun-
very well defined(6.6 nm per periog whereas the funda- damental vibration of the cantilever beam with the tip fixed
mental resonance of the cantilever has been suppressed in tinecontact, calculated to be 331 HEq. (25), Figs. 4 and
figures by the seven-point moving average that was used t©his confirms the validity of our model of dynamic force
smooth the dataln this case the seven points span 12 msmeasurement, including the distinction that we make be-
which is almost the period of the resonant vibrations, 19 ms.tween the actual and the apparent deflections. The fact that
The data taken at the slowest driving spé€ig. 6(c)] clearly  the measurements really give the latter quantity is shown by
shows the van der Waals interaction between the two suthe harmony between the frequency of cantilever resonant
faces at long range. Between 20 and 35 nm there is a notic&ibrations and the measured post-contact oscillations.
able decrease in the amplitude of the mechanical vibration of One can identify at least two further similarities between
the cantilever as the van der Waals interaction couples th#e calculations and the measurements. These concern the
two surfaces. The results are consistent with F{g),3vhere  qualitative dependence of the amplitude of the post-contact
it can be seen that the surfaces do indeed interact at thigscillations on the driving velocity. First, in going from the
range at this slow speed of approach. The van der Waalastest to the slowest driving velocity€ 6.4, 0.16 um
attraction prior to contact is also manifest in Figcby the  s71), the calculated amplitude decreasék4, 8.7 nm), as
close agreement of the measured data with the calculatagbes the measured oi20, 15 nn). This decrease is due to
static van der Waals deflection down to 10 nm. According tothe lower kinetic energy of the collision. Second, the appar-
Fig. 5c), at about this point the effects of inertia becomeent separation at which the kink occurs is less than the maxi-
evident and one begins to see a discrepancy between tmeum post-contact apparent separat{@rich occurs at the
static and dynamic deflections. The inset of Fige)@raphi-  end of the first vibratiopin both the theoretical calculations
cally shows the measured jump into contact; in this regiméFig. 5 and in the measured dathig. 6). In both cases the
the apparent deflection is close to the actual defledfag.  discrepancy between the two decreases with decreasing driv-
5(c)]. [Note that the seven-point smoothing in the main parting velocity; in the slowest cag€igs. 5c) and 6c)] the two
of Fig. 6(c) is a little misleading around contact because theare approximately equal.
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The amplitudes of the calculated and measured postave come into contact. This will primarily affect the adhe-
contact vibrations are not in quantitative agreement. In Figsion and the pull-off force, which are not our main concern
5(a) it is 9.4 nm, whereas in Fig(é) it is 20 nm.[Note that  here.
the running average used to smooth the experimental data in Although the theory underestimates the amplitude, the
the main figures diminishes the amplitude of the post-contaatalculations qualitatively account for the behavior of the
vibrations; the value of 20 nm comes from the inset of Fig.post-contact apparent oscillations in the experiments. The
6(a), and repeat measurements not reproduced]hd@iee  theory may be described as quantitative in its description of
main reason for the discrepancy appears to be the oversirthe various frequencies: the predicted and measured elastic
plification in the calculation of the apparent deflection, vibrations are in harmony, and the calculated and actual can-

X,(Xo), namely that the bimorph response was taken to pdilever frequencies are consonant. The broad agreement be-
solely proportional to the deflection of its emg. In reality ~ tween the theory and the experiments validates the present
the voltage produced by the bimorph will be a functional of Model of the dynamic force measuring process. The calcula-
its shape, which includes, but is not restricted to, the deflections offer a clear physical interpretation of the various fea-
tion of its end. A second contribution to the discrepancytures of the measured data, demonstrating that the lack of
between the magnitude of the calculated and measured arft€contact attraction is an inertial effect, and quantifying the
plitudes is the use of the JKR approximation to estimate th&onceptual distinction between the apparent and the actual
adhesion and deformation of the bodies. As shown by Attardleflection and separation.
and Parkef’ this approximation has restricted accuracy in
the regime of t.hese particular expenments,:(S). IV. DISCUSSION

Another difference between the calculations and the
measurements is the decay of the vibrations. The measured Dynamic surface force measurements potentially suffer
amplitudes decay relatively quickly; at the highest drivingfrom a number of artifacts, but they also offer certain oppor-
velocity the amplitude has decreased by 25% after four vitunities not available to conventional static measurements.
brations. In contrast the calculated amplitudes do not deca@n the negative side, inertia causes the deflection of the can-
noticeably at all. We carried out some calculations invokingtilever or force measuring spring to be less than it would be
Stokes drag for the motion of the cantilevén addition to  for a static or equilibrium measurement. Hence simply equat-
the drainage dissipation due to the motion of the surfacesng the measured deflection to the surface folce.,
but the effect was almost negligible. It appears that the reaHooke’s law will underestimate the magnitude of the latter
son for the difference is that in the model the coupling be-n those cases where inertia is significant. As shown in the
tween the cantilever and the motion of the surfaces onlyext, Eq.(7), it is not permissible to use Hooke’s law for
includes the motion ok;. One should also include the con- massive bodies and weak sprin@mwv resonant frequencigs
tribution due to changing the angl since the cantilever or for fast driving velocities, or in regions of rapidly chang-
vibrations represent variations in the angle at constant deng forces, or when high precision is required.
flection. In other words, the elastic force that we take from  Related to inertia, and similarly problematic, is the dy-
JKR theory is for a normal load, so that it is derived from annamic decoupling of deflection and angle of the force mea-
elastic potential that depends only upon the central deformasuring cantilever. In the static or steady state situation varia-
tion which in turn depends only upon the deflectldg(x;).  tions in each are linearly proportional, and hence one can be
In reality the change in angle of the tip as the cantileverdeduced from the other. This is not the case when accelera-
vibrates represents the application of an additional torquejon occurs, and the consequence of measuring only the
and one should really deal with 5(x4, 6), in which case the angle, for example, is the inability to deduce the deflection.
contact region is no longer circular. Including this increased)n other words, one cannot apply the calibration factor de-
more realistic coupling of the cantilever motion to the sur-duced in the steady state constant compliance region to the
face motion and deformation in the model calculationstransient, dynamic regime. Dynamic decoupling causes un-
would dissipate the energy of the cantilever vibrations morecertainty about the separation and the force between the sur-
efficiently, causing their amplitude to decay as is observed ifiaces.
the experiments. These two problemsginertia and dynamic decouplipg

A final phenomenon that was not included in the theo-can be overcome by solving the equations of motion of the
retical calculations is the possibility of capillary condensa-system. This allows the surface force to be measured by
tion, which could occur because the experiments were peffitting the calculated trajectory to the measured one. Al-
formed without controlling the humidity. It is possible that a though obviously less convenient than a static force mea-
molecularly thin wetting layer of water has condensed orsurement, where one simply equates the surface force to the
each surface and that their interaction contributes to the meaneasured deflection via Hooke’s law, it does provide a
surements. It is also possible that a water bridge could conwvorkable solution in those situations where inertial effects
dense during the force measuring process itself, drawing theannot be avoided. This approach was taken here for the van
surfaces into contact, depending upon the rates of diffusioder Waals force, which was measured between glass surfaces
in the region between the two surfaces. We have no diredh air. We found that a value of the Hamaker constant of 5
evidence for either of these possibilities, but neither can wex 1071° J was able to describe our data for a range of driving
rule them out. It is known that capillary condensation occursrelocities.
around the perimeter of the contact zone after the surfaces One of the benefits of dynamic surface force measure-
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the second article in this seri€swhere we deal with the
atomic force microscope, we address the role of friction in
dynamic surface force measurement.
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