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Contact angle-based predictive model for slip at the solid–liquid interface
of a transverse-shear mode acoustic wave device
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We have revisited the Blake–Tolstoi theory@Coll. Surf. 47, 135 ~1990!# for molecular and
hydrodynamic slip and applied it to the fundamental description of acoustic wave devices coupled
to a liquid of finite thickness. The aim is to provide a framework for a predictive model for slip,
based on surface–liquid interactions and contact angle. This theory provides a description of slip
that links hydrodynamic boundary slip to a schematic, molecular description involving the
wettability of the liquid–solid interface. We redevelop the model, using current acoustic sensors
notation, then evaluate its qualitative behavior as a predictive model for slip length in the context of
acoustic wave devices. Finally, we discuss the limitations of the model and consider the advantages
of a predictive model for boundary slip. ©2003 American Institute of Physics.
@DOI: 10.1063/1.1619195#
ic

i
u

or
an
re

pe
io
d
e
s
h
ra

on

e
tin
re
y

m
t
is

io

of

ad-

th
e
is-
a
s
slip
of

ther
g
id
-

hear
the

les
this
so
ear
rder
rved
-

lts

ac-

he
I. INTRODUCTION

The thickness-shear mode acoustic wave device~TSM!
has found rapidly increasing use as a sensor for biochem
species present in the aqueous phase.1 The principle of de-
tection lies in the binding of a particular analyte to a chem
cally selective receptor moiety, which is attached to the s
face of the device. This technique has its origins in the w
of Sauerbrey,2 who related changes in the series reson
frequency to changes in surface-attached mass. In this t
ment, any rigidly attached mass~in this case stemming from
the gas phase! was assumed to possess the acoustic pro
ties of the piezoelectric material employed for the fabricat
of the sensor. In the liquid phase, the device is operate
high frequencies, normally in the megahertz range, over v
small displacements~3–10 Å!. As a result of the high speed
involved, complex hydrodynamic behavior may exist at t
surface–liquid interface. The surface experiences shear
on the order ofġ5(dv/dx)z5051000 s21, which corre-
sponds to the high shear regime and may result in str
slip.3,4

There are varied interpretations of boundary slip, d
pending on the application. Slip can be seen as a discon
ity in the equations of motion at an interface, which a
invoked through boundary conditions. This is known as h
drodynamic slip and has been applied in various for
across a wide range of areas, most notably in describing
flow of polymer melts. Most of the early advances in th
field are attributed to de Gennes and co-workers.5–8 Another
interpretation is molecular slip, which describes the mot
of individual particles close to an interface. Israelachvili9,10
6200021-8979/2003/94(9)/6201/7/$20.00
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describes stick–slip motion, which involves the dynamics
sliding friction between surfaces. Blake and co-workers11–13

have used molecular kinetics to characterize droplet spre
ing and hydrodynamic wetting.

A common hydrodynamic model of slip is the slip leng
boundary condition,3 which describes a vertical shift in th
velocity profile so that the no-slip point occurs at some d
tance, a slip lengthb, within the solid surface, and there is
finite liquid velocity at the wall, as shown in Fig. 1. Thi
description has been used extensively in describing the
of polymer melts and in the explanation of observations
drainage flow in the surface force apparatus~SFA!. For the
slip length, shear rate is a strong determinant as to whe
slip will occur.14,15 At small shear rates, molecular orderin
of a liquid near a wall is strong enough to retain the liqu
molecules at the wall, which is the no-slip condition. How
ever, as the shear rate of the liquid is increased, the s
stresses in the liquid become strong enough to overcome
ordering induced by the wall, and motion of the molecu
adjacent to the wall may increase. At lower shear rates,
motion is on the order of a few molecular diameters and
appears as no-slip at the macroscopic level. At higher sh
rates, the motion becomes much more prevalent, on the o
of tens or hundreds of nanometers, which can be obse
macroscopically. Joshiet al.16,17 have developed a compre
hensive model to predict slip in the flow of polymer me
over polymer surfaces.

The nature of the surface and the surface–liquid inter
tion also influences slip. Barrat and Bocquet18 used a mo-
lecular dynamics simulation to show slip behavior during t
1 © 2003 American Institute of Physics
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wetting and dewetting of hydrophobic surfaces. Other m
lecular dynamics studies predict slip at high shear rates
variety of configurations.19–22Many experimental studies us
ing atomic force microscopy or the surface force appara
have noted slip of both hydrophobic and hydrophilic liqui
on hydrophobic surfaces at high shear rates, with slip leng
on the order of tens or hundreds of nanometers. A rec
study23 has even found slip of water at a hydrophilic inte
face at high shear rates (104 s21), with slip lengths on the
order of 10 nm. Thompsonet al.24 suggested the possibilit
of slip at the interface of a TSM device operating in liquid
which was reiterated by Pitet al.25 This idea, however, ha
met with stiff resistance from the acoustic sensor commun
which in many cases continues to use models with no-
boundary conditions, such as the Sauerbrey model for
tached mass and the Kanazawa and Gordon result for
response to liquid loading.2,26 While the no-slip boundary
condition has been applied in many cases, it may not re
sent an accurate description for complex biomolecular
sorption in liquids.27

The motional resistanceRm is another experimenta
value that can be measured along with the series reso
frequency,f s . It is a measure of the amount of energy d
sipated by any adsorbed mass or liquid at the surface,
can be thought of as due to the internal friction of a visco
or viscoelastic layer.Rm is related to the dissipation facto
D, and its inverseQ, the filter quality factor.

Many experiments involving complex biomolecular i
teractions yield results that cannot be explained by
simple Sauerbrey mass model.2 Lyle et al.28 measured the
binding of the drug warfarin to a chemisorbed layer of h
man serum albumin~HSA!, attached to a TSM surface b
different linker molecules. The binding of warfarin to HSA
known to alter the tertiary structure and possibly the hyd
phobicity of the surface layer. This, in turn, could influen
surface–liquid coupling and lead to possible slip behavior
a recent experiment,29 light-activated cross-linking surfac
adsorbed monolayers~SAM! have been applied to the su
faces. Increases in the series resonant frequencyf s and de-
creases in the motional resistanceRm were observed, withou
any loss of the monolayer. Other similar situations have b
reported in our laboratory.30,31

Slip can be applied to acoustic device models by int
ducing slip boundary conditions~BC!, either as stress o
displacement/velocity discontinuities. Rodahl and Kasem32

used a shear stress BC where the difference in surface
liquid shear forces was modeled with a coefficient of fricti
x. This model was applied by McHaleet al.33 in an n-layer
impedance model, characterized by a slip parameters. In this

FIG. 1. Velocity profile for~a! the no-slip condition and~b! a slip condition
with an imaginary no-slip location at some point in the wall.
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description, slip can be viewed as the feedback element
single-loop negative feedback system, with the forwa
transfer function given by the no-slip impedance. Ferra
et al.34 and Hayward and Thompson35 used displacement slip
BCs in two- and four-layer models of a quartz device, whe
slip was included as a multiplying factora for the displace-
ments of adjacent layers. The slip parametera can be com-
plex, so both magnitude and phase differences between
ers can be modeled. Ellis and Hayward36 showed that, at a
solid–liquid interface, the complex valuea is related to the
real-valued slip length bya5cos(b/dAj 2)1 j sin(b/dAj 2).
Furthermore, to a first-order approximation for small s
lengths, the slip parameters is related to the slip lengthb by
s5b/h f where h f is the liquid viscosity.36,37 This implies
that, in certain circumstances, the stress and velocity bou
ary conditions are equivalent.

Despite the proliferation of experimental evidence a
theoretical models for interfacial slip at solid–liqui
boundaries,3–8,14–16,18,20,38–44there is currently no method to
predict the occurrence of slip, or its strength, on acou
wave device surfaces. It is therefore difficult to determi
whether interfacial slip is occurring or whether the acous
responses are being influenced by other physical me
nisms. In an attempt to introduce the framework for suc
model, we apply the Blake–Tolstoi treatment of molecu
slip45,46 to the fundamental description of acoustic wave d
vices coupled to a liquid of finite thickness. This theory pr
vides a description of slip that links a hydrodynamic s
boundary condition, to a schematic, molecular descript
involving the wettability of the liquid–solid interface.

II. THEORY

The following application of the slip boundary conditio
is based on an acoustic model that includes the hydro
namic slip boundary condition and the Blake–Tolstoi d
scription of molecular slip.45,46 It is summarized here for
convenience, as well as to highlight some additions to
model.

A. Slip on an acoustic device

We begin with a finite liquid in contact with a solid
surface oscillating in the shear direction at a frequencyv
52p f , where f is the resonant frequency of the combin
system. The surface has a velocity ofq̇s , which is deter-
mined by the properties of the solid and the liquid is of fin
thicknesst f . This situation is shown in Fig. 2.

The liquid velocity for a single fluid layer with no slip is
from McHaleet al.,33,37

v f~z!5q̇s

cosh@kf~z2t f !#

cosh@kf t f #
, ~1!

wherekf is the liquid wave numberkf5A22 j /d, d is the
shear wave decay length in the liquidd5A2h f /vr f , andh f

andr f are, respectively, the viscosity and density of the l
uid andq̇s is the speed of displacement of the substrate at
solid–liquid boundary. This gives the expected behavior o
damped sinusoidal shear wave in the liquid.
e or copyright; see http://jap.aip.org/about/rights_and_permissions
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Normally, acoustic wave experiments involve the me
surement of electrical properties, which can be linked to
acoustic impedance of the device. The impedance of
single-fluid layer device is

Zf
no-slip5h fkf tanh~kf t f !. ~2!

The change in series resonant frequencyf s and dampingD
can be estimated using the impedance from

D f s5
21

2prqtq
Im~Zf !

~3!

DD5
2

vrqtq
Re~Zf !,

whererq and tq are the density and thickness of the dev
substrate.

The slip length is included as

v f
slip~2b!5q̇s . ~4!

The velocity expression then becomes

v f
slip~z!5q̇s

cosh@kf~z2t f !#

cosh@kf~b1t f !#
. ~5!

From a first-order Taylor expansion, assuming thatb/d!1
and using Eq.~5!, the velocity becomes

v f
slip~z!5q̇s

cosh@kf~z2t f !#

cosh~kf t f !@11Zf
no-slipb/h f #

~6!

and the liquid velocity at the wall is given by

v f
slip~z50!5

q̇s

11Zf
no-slipb/h f

. ~7!

The acoustic impedance for the slip case becomes

Zf
slip5

Zf
no-slip

11Zf
no-slipb/h f

. ~8!

From Eqs.~3! and ~8!, the acoustic properties can be calc
lated. The impedance can also be described using the
parameters, using the substitutions5b/h f .36,37

FIG. 2. No-slip velocity profile for a liquid layer of thicknesst f on an
oscillating surface with speedq̇s and thickness2w. The decay lengthd is
the characteristic decay length of the damped oscillatory motion.
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In the model explained below, Blake45 introduced a sur-
face pressure term to account for the possibility that
boundary mobility may be less than the bulk. Inclusion of t
surface pressure can result in negative slip lengths. McH
and Newton37 have shown that for small, negative sl
lengths, Eq.~8! can provide an apparent ‘‘trapped mas
contribution to the frequency response of a TSM. Thus
hydrodynamic slip boundary condition can be a suitable f
mulation to describe a rough, but completely wetted, TS
surface. However, a recent study47 has shown that positive
boundary slip in fact increases with increasing surface rou
ness, as opposed to the negative slip length discuss abo

The ‘‘trapped gas’’ model is, however, a mathematic
formulation, and there is no experimental evidence
trapped mass when using TSM devices with optically fl
surfaces, as is the case for many devices.27 Molecular slip is
a plausible alternative scenario. In the following section,
consider the situation of molecular mobility as it is related
slip at a smooth, partially wetting, TSM surface.

B. Molecular mobility and surface tension

The Tolstoi–Blake45,46 treatment of molecular slip is
based on a molecular-kinetic description of mobility and d
fusion of liquid molecules near a surface. We begin w
Frenkel’s48 description of the mobility of a liquid molecule
of molecular diameters and whose center is at a mean d
tancer from the center of an adjacent molecule~mean inter-
molecular separation!. Frenkel gave the mobility of a liquid
molecule as:

u5
r 2

6kTt0
e2W/kT, ~9!

wherek is the Boltzmann constant andT is the temperature
t0 is the relaxation time of molecular displacement, andW is
the activation energy required to form a microcavity in
which a neighboring molecule can move. The activation
ergy is W5AgLV, wheregLV is the surface tension of th
liquid in a vacuum andA is the effective molecular surfac
area. We useA5ps2 for a spherical molecule, distinguish
ing between the molecular diameters and the center-to-
center molecular separationr. Tolstoi46 extended this idea to
the layer of liquid molecules in contact with a solid bounda
so that:

us5
r 2

6kTts
0

e2Ws /kT, ~10!

where the subscripts applies to the liquid molecules at th
boundary. The activation energy for a liquid molecule at t
boundary is given by the loss of the solid–liquid interfac
area and the gain in solid–vapor and liquid–vapor interfac
areas in opening a microcavity. Usinga as the fraction of the
microcavity area within the solid, we write

Ws5aA~gSV2gSL!1~12a!AgLV

5aA~gSV2gSL2gLV !1AgLV, ~11!

where gSV and gSL are the surface tensions of the soli
vacuum and solid/liquid interfaces. The factoraA must be
estimated, but is expected to be on the order ofs2.
e or copyright; see http://jap.aip.org/about/rights_and_permissions
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A further approximation made by Tolstoi is thatt0

5ts
0, so the ratio of surface to bulk mobility is

us

u
5exp@~W2Ws!/kT#

5exp@aA~gSL1gLV2gSV!/kT#. ~12!

The difference in activation energies depends on the inte
cial energies throughaA(gSL1gLV2gSV). By using
Young’s Law gSV2gSL5gLV cosu, whereu is the equilib-
rium contact angle of a liquid droplet on a solid surface
vapor, Eq.~12! can be written

us

u
5exp@aAgLV~12cosu!/kT#. ~13!

This theory predicts that the mobility of liquid molecules
the boundary between a liquid and a solid is the same a
the bulk liquid when the surface is completely wett
~u→0°!, but that a partially wetting surface~u.0°! results in
liquid molecules at the boundary being more mobile than
the bulk phase. Since the mobility of a molecule is the av
age velocity with respect to surroundings when acted u
by a force of unit magnitude, we anticipate that the sa
shear stress will result in different velocity gradients acr
at least the first molecular layer in contact with the so
compared to those in the liquid.

C. Molecular slip

From continuum fluid mechanics the slip velocityDvs

induced by a shear stresst is Dvs5t/k, wheret is the shear
stress andk is the liquid–solid coefficient of friction3,32,33

andDvs is the discontinuous change in velocity at the ma
ematical surface representing the wall. It is evident that
infinite friction, there is no slip, and for no friction, there
infinite slip. The molecular situation is shown in Fig. 3. Fro
the shear stress in a viscous liquid:

t5h f S dv
dzD5kDvs , ~14!

and the trigonometry of Fig. 3 which givesDvs5CD
5b(dv/dz), we deduce,

FIG. 3. Schematic representation of molecular slip from Blake~see Ref. 45!
showing the motion of surface-adjacent liquid molecules in a velocity fie
The particle diameter iss and the slip length isb.
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Equation~15! is the result commonly used by de Gennes a
others.3,4,6,42 It is interesting to note that the friction coeffi
cient k is equivalent to the slip parameters5h f /b used by
McHale et al.33

The result in Eq.~15! is a continuum result. To complet
the development, a molecular description is required. T
molecular mobility at the surface is related to the motion
particles near that surface. For a bulk shear rate of (dv/dz)
induced by the shear stresst, the velocity of a molecule
relative to its neighbor would ber (dv/dz), wherer is the
mean distance to the center of an adjacent molecule.
force on the molecule would then ber 2t and the mobility is

u5
1

r t S dv
dzD . ~16!

For molecules near the surface, with the presence of slip
would replace the bulk shear rate with a different bound
shear rate (dv/dz)s , still for a givent. The velocity gradient
near the surface was described schematically by Tolstoi,
is shown in Fig. 3. It shows that

us

u
5

~dv/dz!s

~dv/dz!
5

AB/r

AB/~b1r !
5

b

r
11. ~17!

Therefore, the slip length used in the hydrodynamic mo
for acoustic wave devices is related to the ratio of bound
to bulk mobility by b5r (us /u21). Figure 3 illustrates a
molecular description of the hydrodynamic slip bounda
condition shown in Fig. 1. Rearranging Eq.~17! and insert-
ing Eq. ~13!, we find

b5r $exp@aAgLV~12cosu!/kT#21%, ~18!

which is the result obtained of Tolstoi and Blake. Equati
~18! is a key result because it links the hydrodynamic eq
tions for a TSM device using a slip length boundary con
tion to the wettability of the solid surface characterized
the contact angleu. It is reassuring that slip lengths predicte
from this model are on the order of molecular dimensio
since the exponent term is multiplied by the molecular dia
eter. Equation~18! predicts that the slip length vanishes for
completely wetting liquid~u→0°!, but becomes exponen
tially important as increasingly nonwetting liquids are use
with the most extreme case when~u→180°!. For the case of
water, the theory predicts that a no-slip boundary conditio
expected for a hydrophilic TSM surface, but that slip cou
occur on a highly hydrophobic TSM surface. It has be
reported in the literature that slip may occur for water
hydrophilic surfaces.23 However, the current theory does n
predict this.

Assuming a spherical liquid molecule, from Eq.~18!, the
slip length can be estimated from the literature and exp
mental data related to the contact angle. Moreover, base
knowledge of the contact properties between a liquid an
solid, we can approximate the behavior of an acoustic w
device in liquid, using Eqs.~3!, ~8!, and~18!. This is a direct
predictive model for slip behavior on an acoustic wave d
vice that links surface and contact properties to acou

.
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properties. In the following sections, we explore the behav
of the model over a range of contact and surface values,
then discuss its physical limitations and potential appli
tions.

III. MODEL BEHAVIOR

To assess this slip length model, we will evaluate
behavior over a range of situations. The dependence of
length on contact angle shows the expected exponentia
pendence, with low slip values for completely wetting film
followed by a rapid increase for partially wetting liquid, an
then flattening out for nonwetting films. This is shown in F
4 for water @gLV(25 °C)572.0 mN/m, s'2.76 Å, r
'3.85 Å] over a range of contact angles, which is expe
mentally equivalent to varying the interaction of the surfa
with the water. This value is the surface tension for wate
a vacuum,49 which may deviate slightly from the surfac
tension of water in its vapor, but the difference would
small, and of little significance to our results.

While this situation demonstrates the expected qua
tive behavior of the model, it predicts slip lengths lower
at least an order of magnitude than those deduced from

FIG. 4. Change in slip lengthb as contact angle varies from 0° to 180°, wi
microcavity fractiona51/6, molecular diameters50.276 nm, the approxi-
mate size of water, andr 50.385 nm, the mean separation, as estima
from the density of water at 25 °C, assuming a spherical molecule.

FIG. 5. Change in slip lengthb as contact angle varies from 0° to 180° an
intermolecular separationr from 2.76 to 9 Å, with molecular diamete
s52.76 Å and microcavity fractiona51/6.
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perimental observations, both on a TSM36 and in other
systems.14,41,43,50This is due to the sensitivity of the model t
the molecular diameters, the mean separationr, and the
fraction of the microcavity within the solida.

The liquid would not behave as close-packed particl
so using the same value for both the molecular sizes and
intermolecular separationr would not be realistic. Figure 5
shows the change in slip length for various values ofr, in-
cluding that of water. Since the mean separation enters
model in Eq. ~18! as a proportionality factor, it does no
greatly influence the behavior, and values for slip length
still low in this model. However, caution must be exercis
in treatingr solely as a proportionality factor, sincer likely
enters the exponent in the factoraA. This point is discussed
further in the following section.

Figure 6 shows the change in slip length with molecu
diameters, which appears in the model within the expone
It therefore has a strong effect on the slip length, and p
duces physically realistic values whens'5 Å. Figure 7
shows the variation in slip length witha, which is the frac-
tion of the molecular cavity that is solid. The shape of Fig
is similar to that of Fig. 6, since boths and a enter the
model in the exponent. However, the slopes are differe

d

FIG. 6. Change in slip lengthb as contact angle varies from 0° to 180° an
molecular diameters varies from 1 to 6 Å, with microcavity fractiona51/6
and mean intermolecular separationr 59 Å. The scale is shown logarithmi
cally to better illustrate the changes in slip length.

FIG. 7. Change in slip lengthb as contact angle varies from 0° to 180° an
microcavity fraction a varies from 0 to 1/2, with molecular diamete
s52.76 Å and intermolecular separationr 59 Å.
e or copyright; see http://jap.aip.org/about/rights_and_permissions
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sinces is squared in the area, and thus has a greater ef
Blake did not offer a method for determining the microcav
fraction a, though it may be analogous to calculating t
contact area for an elastic sphere in contact with a s
surface.

In the analysis of Figs. 5, 6, and 7,r ands were assumed
independent. It is important to note that this is likely not t
case, since the separation between polar molecules dep
on the interaction between them, as well as the size of
individual molecules. While an analysis of this relationsh
is essential for the complete characterization of the predic
model, it is very rigorous, and will not be covered he
Since the intermolecular separationr only enters the mode
as a linear factor, for the remainder of this study, we trear
ands independently. For a more complete coverage of in
molecular forces and separations, see for example Ref.

Figures 8 and 9 show the changes in resonant freque
and motional resistance with contact angle, as calcula
from Eqs.~3! and~8!, compared to the shifts with the no-sli
condition. Frequency shifts are displayed in Hz, so Fig
shows a frequency increase with increases in contact an
The model shows the expected dependence of both s
resonant frequency and motional resistance on contact a

FIG. 8. Change in frequency shift with contact angle, compared to
no-slip condition. The contact angle varies from 0° to 180°, for microcav
fraction a51/6, molecular diameters56 Å, and intermolecular separatio
r 59 Å.

FIG. 9. Change in dissipation with contact angle, compared to the no
condition. The contact angle varies from 0° to 180°, for microcavity fract
a51/6, molecular diameters56 Å, and intermolecular separationr 59 Å.
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The slip length ofb50 corresponds to the no-slip condition
which are the shifts in frequency and dissipation for a surf
covered with a 100-mm-thick film of water, with density
997 kg/m3 and viscosity 0.914 cP, at a surface speed of
mm/s. As the contact angle increases, indicating a decr
in interfacial coupling, the resonant frequency shift and
dissipation both decrease. This is because less energy is
through viscous interactions with the liquid as the coupli
decreases. The resonant frequency responds faster to ch
in coupling, which is observed in a similar slip model,33

indicating that frequency is a more sensitive indicator of s
face coupling than dissipation.

The shear rate in the liquid is found from the veloci
profile, which decays rapidly with decay lengthd. When slip
is introduced, the velocity at the wall is reduced, as shown
Fig. 10 for a 100-mm-thick film of water, with density
997 kg/m3 and viscosity 0.914 cP, at a surface speed of
mm/s. Here,r 59 Å, s56 Å anda51/6.

These situations deal solely with the surface–liquid
terface, where the surface layer is treated as a pure solid
the liquid as mobile. In biosensor applications, there are
ways biomolecule and linker layers present that act as
signal transducers as surface–layer reactions proceed. B
ing events may alter the wettability, which in turn wou
affect the slip length, either increasing or decreasing it. Ho
ever, there are other factors that can also play a role in s
The internal structure, most importantly the viscoelasticity
the linker and biomolecule layers, will affect the relativ
velocity at the solid–liquid interface.4 This does not refer to
the bulk acoustic properties of the film, but the stiffnes
induced hydrodynamic properties of the interface, which
shown to be a factor in oscillatory flow in nonequilibrium
molecular dynamics studies.20

IV. CONCLUSIONS

We have revisited the Blake–Tolstoi theory for molec
lar and hydrodynamic slip and applied it to the surfac
liquid interface of an acoustic wave sensor in liquid. For
complex biomolecular surface, understanding the relati

e

ip

FIG. 10. Liquid velocity profile for three different contact angles, with
surface velocity of 300mm/s: ~a! solid line ~0°! shows the no-slip case,~b!
dashed~130°! shows some slip, and~c! dash–dot~180°! shows greater slip.
Here, the microcavity fractiona51/6, molecular diameters56 Å, and in-
termolecular separationr 59 Å.
e or copyright; see http://jap.aip.org/about/rights_and_permissions
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Down
ship between hydrophobicity and acoustic wave respo
may give insight into conformation and structure change
the surface. The current theory shows the expected qua
tive behavior of a predictive model for slip. Although not
complete quantitatively predictive model, physically reaso
able results are obtained by adjusting the particle size
surface microcavity fraction. It is important to note, howev
that the manipulation of particle size and surface microca
size is not physically realistic and it must be emphasized
this was only done to demonstrate the qualitative behavio
the model.

There are significant limitations to the above theo
many of which are discussed by Tolstoi and Blake. The fo
most of these is the difficulty in estimating the microcav
fraction a. This was noted by Tolstoi, who simply assum
a51/6 and 1/9 to correspond to experimental data. In do
so, a becomes another fitting parameter. Another limitati
is that Frenkel’s original approach is schematic, and the
fore phenomenological. A more mathematically rigorous d
fusion treatment may yield more realistic results. In additi
assumingt05tb

0 is a rough approximation. Due to molecul
ordering of the surface, the relaxation times of surface ver
bulk velocities may be significantly different. With a mo
rigorous treatment of the diffusion, and a better understa
ing of the particle size and microcavity function, the Tolsto
Blake model may offer a quantitative method for predicti
dynamic interactions at the surface–liquid interface of aco
tic wave devices.
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