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Abstract

In this paper, we present a review of the most important techniques used to measure the slip
length of gas flow on isothermal surfaces. First, we present the famous Millikan experiment and
then the rotating cylinder and spinning rotor gauge methods. Then, we describe the gas flow rate
experiment, which is the most widely used technique to probe a confined gas and measure the
slip. Finally, we present a promising technique using an atomic force microscope introduced

recently to study the behavior of nanoscale confined gas.
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1. Introduction

Understanding the physics of fluid flows at the micro- and
nanoscale is crucial for designing, fabricating, and optimizing
micro- and nano-electro-mechanical systems (MEMS/
NEMS). The large surface-to-volume ratio of MEMS/NEMS
enables factors related to surface effects to dominate the fluid
flow physics from the micro- to the nanoscale.

Fluid flow close to solid surfaces has been studied in
detail in the last century [1 16]. In gases, due to local ther-
modynamic non-equilibrium, the velocity profile exhibits a
phenomenon known as slip, which means that the fluid
velocity near the solid surface is not equal to the velocity of
the solid surface. The existence of slip in gas flows was first
predicted by Maxwell [16] and its magnitude depends on the
degree of rarefaction of the gas. To describe this degree of
rarefaction, the Knudsen number, Kn = A\/D, has been
introduced. It compares the mean free path A of the gas
molecules and a characteristic length D of the flow domain,
for example the hydraulic diameter of a duct. When the
Knudsen number is on the order of 0.001 or larger, the rar-
efaction of the gas has to be taken into account, and a non-
negligible slip occurs on the surfaces [7 9, 12, 13]. The slip
velocity has been initially modeled by Maxwell slip

conditions for an isothermal wall as

ov
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In this equation, b is the slip length. Maxwell proposed
its form as b = A(2 — 0)/o where o is a coefficient that
represents the fraction of the gas molecules that are reflected
diffusively from the solid surface at z = 0, assuming that the
complementary fraction of the molecules is reflected spec-
ularly. The so-called slip velocity Vi is different from the
actual macroscopic velocity of the gas at the wall: it is linearly
extrapolated from the velocity profile outside the Knudsen
layer (see figure 1), which is a very thin layer of gas in local
thermal non-equilibrium state, where the usual Navier Stokes
equations are not valid. The thickness of this layer is of the
same order of magnitude as the mean free path A. The initial
expression (1) of the velocity slip provided by Maxwell,
which is in a dimensionless form of the first order in Kn, has
further been discussed by numerous researchers, and various
improved slip boundary conditions, including corrective
coefficients and higher orders, have been proposed tentatively
in the literature [17]. Unfortunately, there is currently no clear
consensus for recommending the most appropriate equation
and corrective coefficients for this slip boundary condition. In
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Figure 1. Knudsen layer and slip at the wall.

addition, there is often a confusion between o and the tan-
gential momentum accommodation coefficient o, [18]. The
values of the coefficients ¢ and o; are also generally not well
known.

Consequently, in order to discuss the accuracy and the
limits of applicability of the boundary conditions proposed in
the literature, there is a crucial need of smart experimental
data on slip length in rarefied gas flows. In this paper, we
review all techniques used to measure the slip length and the
accommodation coefficient in a gas flow on isothermal sur-
faces. The paper is divided into five main sections. In
section 2, the Millikan experiment is presented. In section 3,
the rotating body techniques (rotating cylinder and spinning
rotor gauge methods) are presented. Section 4 is devoted to
mass flow rate measurements and velocimetry in micro- and
nano-channels. In section 5, experimental results using an
atomic force microscope (AFM) are shown. Finally, conclu-
sions and the outlook for this research area are provided in
section 6.

2. Millikan’s droplet experiment

Millikan has introduced the concept of gas slip to explain the
results of his famous experiment on electron charge mea-
surement [2, 19 21]. His experiment consists of measuring
the terminal velocities v; and v, of a spherical charged droplet
in two consecutive cases (see figure 2). In the first case, the
droplet is falling with a speed v; under the influence of
gravitational force, and in the second case, the droplet is
rising against gravity with a speed v, in the presence of a
vertically directed electric field E [2, 19 21].

The terminal velocity in the absence of the electric field
case is given by equating the Stokes force to the gravity force

4
§7TR3(‘LL — p)g = 6TnRYV, )

where R is the droplet radius, n is the air viscosity, u is the
droplet density, p is the air density, and g is the gravity
acceleration. In the case where an electric field is applied, the
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Figure 2. (a) For a single drop carrying a negative charge g, if no electric field is present between the plates, the two forces acting on the
charge are the force of gravity acting downward and a viscous drag force acting upward, as indicated in the figure. The drag force is
proportional to the drop’s speed. When the drop reaches its terminal speed v;, the two forces balance each other. (b) If an electric field is
applied between the plates such that the upper plate is at the higher electric potential, in this case, a force g acts on the charged drop. Because
q is negative and F is directed downward, this electric force is directed upward, as shown in the figure. If this force is sufficiently large, the
drop moves upward and the drag force acts downward. When the upward electric force gz balances the sum of the gravitational force and the
downward drag force, the drop reaches a new terminal speed v, in the upward direction.

terminal velocity is given by

4
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where g, is the electrical charge of the droplet. From the
addition of equations (2) and (3) we obtain

Eq,
6mR
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Vi + v =

By eliminating the radius of the droplet from these
equations, Millikan got the expression of the charge of the
droplet as a function of the measured terminal velocities

vi+ v

3
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Millikan has shown that (v; + v;) could be made to take
on a series of values constituting an arithmetical progression,
and having a greatest common divisor (v; + v;)y, Which
corresponds to a charge of one electron upon the droplet, he
got the equation for e, which is the value of the electric

charge of the electron

_ 4_7T(9_77)g 1 (Vi + v2)o
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The experimental results published by Millikan in 1911
show that ¢; did not come out at a constant value when
droplets of different radii were used. A large droplet gives a
consistently smaller value of e, than a smaller droplet.

Starting from his observation, he suggested taking into
account a gas slip on the droplet surface during the motion.
From the hydrodynamic concept, the slip at the droplet sur-
face was taken by modifying the Stokes law (67 1 Rv), which
becomes

1+2b/R
67r77Rv(71 n 3b/R) (7

which, for a small value of /R, is reduced to

6mrnRv
omnRY. (8)
1+ b/R

where b is, as described in his paper, the ‘slip coefficient’.
Millikan then obtained the relation between the extracted
value of the electron charge ¢; from the measurements and the



Figure 3. The inner cylinder has a radius R, and is suspended at
position O. The deflection 6 of the suspended cylinder is induced by
the rotation of the cylinder R, at constant angular velocity w.

exact value of the electron charge e
3
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This equation shows how gas slips affect the measured
value of the electron charge. The values extracted from larger
droplets are less affected than those from smaller ones. The
value of the slip length can be obtained by performing mea-
surements of the electron charge versus the droplet radius.

The slip lengths measured by Millikan at temperature of
23 °C and at atmospheric pressure in air for droplets of oil,
mercury, and shellac are respectively 79.3 nm, 66.7 nm, and
101 nm. These experimental results led Millikan to conduct a
theoretical study of the slip length for different conditions of
the reflection of molecules on surfaces. He showed that when
molecules are reflected completely diffusively, a minimum of
slip would result. The calculated minimum value of the slip in
air at atmospheric pressure and at temperature of 23 °C
is 66 nm.

3. Rotating body method

3.1. Rotating cylinder method

The rotating cylinder method is one of the first methods used
to measure the gas slip on surfaces. It has been employed by
early researchers Millikan [2], Timiriazeff [22], Stacy [23],
van Dyke [24], and Kuhlthau [25]. The method is based on
using two concentric cylinders. The inner torsionally sus-
pended cylinder has a radius R (figure 3) and a length L, and
the outer rotating cylinder a radius R,.

The torsional moment is obtained from the measured
angular deflection of the suspended cylinder 6 by [2]

_ 4726
=

M (10)

where I and T are the moment of inertia and the oscillation
period in vacuum of the suspended cylinder. If we assume no
slip at either of the surfaces, the torsional moment that is
acting on the suspended cylinder is given by

2 2p2

M —12
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where w is the angular velocity of the rotating outer cylinder
and 7 is the gas viscosity. When the slip becomes appreciable,
the torsional moment expression as calculated by Millikan [2]
is

2 2 2
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where b), is the slip length at pressure p.

At high pressure, the slip length is small. As a result, the
effect of the slip on the torsional moment applied on the inner
cylinder is negligible. In kinetic theory, viscosity is inde-
pendent of pressure. So we can deduce that if the pressure is
reduced in the experiment, the slip length will increase and
the deflection of the inner cylinder should decrease. In prac-
tice, to determine the slip length by this method, it is neces-
sary to measure the deflection 6 at high pressure where the
contribution of slip is negligible, and then reduce the pressure
until the deflection has attained a measurable small value 6’.
The slip coefficient for this low pressure value is then given
by

2 p2
b,,:(e _ 1)R1R2(R2 — R (13)

0 2(R5 + RY)

Stacy [23] has used an apparatus with Ry = 5.43 cm and
R, = 6.06 cm. For brass surfaces, he found that at atmo-
spheric pressure and at room temperature, the slip length
value is b = 66.1 nm, which is practically the minimum value
of the slip of the air calculated by Millikan [2] that corre-
sponds to the case where all molecules are reflected diffusely
after collision with the surfaces. For surfaces coated with
shellac, Stacy has measured a slip length of b = 97 nm [23].

3.2. Spinning rotor gauge method

Another method was developed later [26 32] and called the
spinning rotor gauge method, which has some similarity with
the previous method in the sense that it is based on rotating
techniques. The method is based on a body (disk or sphere)
suspended magnetically and subjected to angular acceleration
by means of magnetic force. Then, the disk or sphere is left to
spin freely, and by measuring the subsequent angular decel-
eration velocity due to collision with the surrounding gas, the
slip and accommodation coefficient can be obtained.



4. Gas flow rate measurement

The measurement of slip length can be indirectly deduced
from the flow rate measurement of rarefied gas flow through
microchannels. This is a sound technique for flow in the slip
flow regime, where the usual conservation equations (Navier
Stokes equations) are valid and the flow rate is simply linked
to the slip length. The technique can be accurate, provided
that the dimensions of the microchannel, specifically of its
cross-section, are known with high precision.

A similar approach can also be developed in large
channels under low-pressure conditions, but the analogy is
not complete between low pressure and micro gas flows. For
the same value of the Knudsen number, a gas is more dilute at
low pressure in a macrochannel than at higher pressure in a
microchannel. In the former case, the validity of the ideal gas
assumption that relies on a hypothesis of binary collisions
between gas molecules is even better.

Whatever the operating conditions of the experiment
(low pressure in a macrochannel or higher pressure in a
microchannel), the flow rates to be measured in the slip flow
regime remain much lower than what is accurately measur-
able with commercial gas flowmeters, typically limited to
10 ®kgs '. Several specific experimental setups have been
designed for measuring gas flow rates at low pressure, for an
initial purpose of leak detection [33, 34] or to analyze
pumping speed [35]. For example, the Physikalisch-Tech-
nische Bundesanstalt has designed a complex gas flowmeter
that is able to measure gas flow rates between
4 x 1073 mol s~ and 10~®mol s~! for very low pressure
conditions, between 1071°Pa and 3 x 1072 Pa. Recently,
improvements in microfabrication techniques have motivated
researchers to develop specific setups dedicated to rarefied
gas microflow measurements.

Two main kinds of solutions are now proposed in the
literature:

e Several authors have developed a method based on the
tracking of a liquid droplet [36 41]. In this method, the
droplet is pushed by the gas flow in a calibrated pipette,
and its tracking allows a direct measurement of the
volume flow rate at the level of the droplet. However, this
requires correction to obtain the mass flow rate through
the microsystem, as shown below by equation (15).

Other authors have developed indirect measurement
techniques using the gas equation of state, generally
assumed as an ideal gas. In temperature-regulated
surroundings, mass flow rates can be deduced from the
measurement of volume or pressure variations (with the
so-called constant-pressure and constant-volume techni-
ques, respectively). The constant-pressure technique is
technologically difficult to implement, and it requires for
example the use of a piston or a bellow controlled by an
automation system to allow volume variation while
maintaining a constant pressure [33, 35]. On the other
hand, setups designed to implement the constant-volume
technique are less complicated, as only pressure variation
measurement inside a tank is required [41]. However,

such systems could be very sensitive to thermal
fluctuations.

* Some recent experimental setups are able to couple the
two abovementioned methods [42], and some tests with
the same microchannels have been conducted using
different experimental setups in order to compare and
discuss their accuracy [43].

For example, with the setup illustrated in figure 4, the
flow rate through a microsystem can be measured by the
constant volume method or the droplet tracking method. This
microsystem, which can be a simple microchannel or any
more complex passive or active fluidic microsystem, is con-
nected to valves V3A and V3B.

The constant-volume method can be implemented with
valves V1A and V1B closed, while valves V2A, V2B, V3A,
and V3B are open. The mass flow rate is then deduced from a
double upstream and downstream pressure measurement as

v dp _

RT dt

v dpp

14
RT dt (14

where v4 and vp are the volume of reservoirs A and B,
respectively, including all tubing and fittings; dp,/dt and
dpg/dt are the upstream and downstream pressure variations
with time ¢, measured by highly sensitive capacitive pressure
gauges CGA and CGB, respectively; R is the specific gas
constant; and 7 is the uniform temperature controlled within
the thermally-regulated setup.

If valves V2A and V2B are now closed, and a liquid
droplet is placed in the calibrated pipettes in front of the
optical sensors OSA and OSB, another way to get a double
measure of the mass flow rate is from the equation

QA Vii JVAV;

w24l s o, Vit Qalr
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where Q4 and Qp are the volume flow rates deduced from the
measurement of the upstream and downstream droplet
displacement by the optical sensors OSA and OSB,
respectively, during a short time A¢, and ép is the pressure
drop between both sides of the droplets. The initial volumes
upstream from the droplet in pipette A, between this droplet
and the microchannel, between the microchannel and the
droplet in pipette B, and downstream from this droplet are
denoted by wu;, vy, vai, and vg;, respectively, and the initial
pressures in reservoirs A and B are denoted by p,; and pg,,
respectively.

From the measurement of the mass flow rate, it is pos-
sible to extract the slip length, provided a specific slip
boundary condition has been chosen. For example, con-
sidering a first-order slip boundary condition

ov

Vs =b—

or (16)

r=ro

derived from Maxwell’s boundary condition (1), the mass
flow rate through a long microtube of radius ry and length /
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Figure 4. Example of experimental setup for mass flow rate measurement in microchannels using the droplet tracking and constant volume

methods.

can be expressed as [44]

421
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where pj is the outlet pressure, II = p, /pj is the ratio of the
inlet over the outlet pressure, and Kng = A\g/(2 ro) is the
outlet Knudsen number. Similar expressions can be derived
for flows in rectangular microchannels and/or for more
complex higher-order slip boundary conditions [45, 46]. A
series of experimental measures of flow rates through
microchannels (table 1) has been used by various authors
[9, 39, 40, 42, 43] with the objective to extract the value of
the accommodation coefficient. Unfortunately, these values
can hardly be directly compared because the theoretical
model is often different from one author to another (based on
either first-order or second-order boundary conditions, with or
without correction from the Maxwell equation), the definition
of the Knudsen number may vary, and the uncertainties are
not always clearly estimated. In order to provide comparable
results, all data in table 1 are provided as a function of the
equivalent free path ¢ = (ug/ P)N2RT, as suggested by
Sharipov [18]. This quantity does not represent the real mean
free path, but provides an estimation directly calculated via
measurable quantities, such as the pressure p, the temperature
T, and the shear viscosity f;, making its use easy in
comparison to other ambiguous definitions. In table 1, the
Knudsen number Kn, = {,/D, is then based on the
equivalent free path ¢, at the outlet of the microchannel and
on the hydraulic diameter D, of the microchannel cross-
section. With the exception of the data from [47], which are
the only data obtained using a commercial mass flowmeter,
the value of the slip length found by specific setups has a
narrow range between 1 and 1.4 times the equivalent free
path, for various gases and material surfaces.

In order to get more detailed information on the slip
length, some preliminary works have recently focused on
velocimetry techniques able to provide not only the flow rate,

but also the velocity profile within the microchannels. How-
ever, the first attempts using either micro particle image
velocimetry (uPIV) [54], or micro molecular tagging veloci-
metry (uMTV) [55] have not been successfully extended yet
to the slip flow regime, and direct measurement of slip at the
wall with these techniques is still challenging, particularly due
to the strong diffusion effects encountered at the micro-
scale [56].

5. AFM experiment

The application of the AFM to the study of confined gas flow
was motivated by recent experiments on liquid slip on solid
surfaces using a contact AFM (Bonaccurso et al [57, 58];
Neto et al [59, 60]; Honing and Ducker [61]). The liquid
boundary slip on non-wetting hydrophobic surfaces ensures
that the drag force measured on such surfaces is always
smaller than the one measured on hydrophilic wetting sur-
faces. The slip length value was extracted by fitting the
experimental data using an expression calculated by Vino-
gradova [62]. In the AFM experiment the viscous force acting
on the cantilever tip was measured during the approach at
constant velocity to solid surfaces. These techniques were
applied successfully to different surfaces and different liquids.
However, the low viscosity of the gas (two orders of mag-
nitude as low as the viscosity of water) made it difficult to
measure the viscous drag force using a constant velocity of
approach.

Maali and Bhushan [63] have used an AFM in dynamic
mode to investigate the confined air flow close to solid sur-
faces at standard pressure. In their experiment, the air was
confined between a glass surface and a spherical glass particle
glued to an AFM cantilever. They used the amplitude mod-
ulation AFM mode where the amplitude and the phase of the
cantilever vibration were measured versus the distance
between the sphere and the surface, and then they extracted



Table 1. Recent gas flow rate measurement through microchannels and extracted slip length b as a function of the equivalent mean free

path .
Reference Channel material and section, experimental technique ~ Gas Kn, = ;;_{; l;
Arkilic et al 2001 [9] Silicon, trapezoidal, constant volume method N, 0.029 0.197 1.25
Ar 0.029 0.237 1.33
CO, 0.017 0.255 1.11
Maurer et al 2003 [39] Pyrex silicon, rectangular, droplet tracking method He 0.095 0.793  1.00
N, 0.032 0.669 1.13
Colin et al 2004 [40] Pyrex silicon, rectangular, droplet tracking method He 0.018 0.131 1.02
N, 0.001 0.054 1.02
Hsieh et al 2004 [47] Pyrex silicon, rectangular, commercial mass N, 0.007 0.134 1.03 3.14
flowmeter
Ewart et al 2007 [48] Fused silica, circular, constant volume method He <0.3 1.00 1.08
Ar 1.06 1.21
N, 0.98 1.15
Ewart et al 2007 [49] Pyrex silicon, trapezoidal, constant volume method He <0.3 1.15 1.25
Graur et al 2009 [50] Pyrex silicon, trapezoidal, constant volume method  Ar <0.3 1.14 1.27
N, 1.09 1.11
Pitakarnnop et al Pyrex silicon, rectangular, constant volume method  He 0.125 0.130 1.02
2010 [42]
Ar 0.046 0.047 1.02
He (30%) Ar (70%) order of 0.1  1.02
Perrier et al 2011 [51] Fused silica, circular, constant volume method He <0.3 0.98 1.05
Xe 1.09 1.16
Ar 1.10 1.14
N, 1.10 1.12
Yamaguchi ez al Fused silica, circular, constant volume method Ar order of 0.1 1.15 1.39
2011 [52]
N, 1.12 1.41
0, 1.24 141
Yamaguchi ez al Stainless steel, circular, constant volume method Ar, N,, O, order of 0.1 1.08 1.15
2012 [53]
Bergoglio et al 2015 [43]  Glass silicon, rectangular, constant volume and Ar, N,, CO,, N, <0.13 1.02

constant pressure methods

(95%) Hy(5%)

the damping and the stiffness of the interaction [63]. Due to
the high quality factor of the cantilever far from the solid
surface, the additional damping and stiffness induced by the
hydrodynamic interaction during the confining of the gas
were probed accurately.

For a cantilever oscillating with small amplitude, the
interaction force acting on the cantilever can be linearized and
has two contributions. The first is a conservative term (-kgz),
resulting from the elastic compression of the film, and the
second is a dissipative term (-yyZ), resulting from viscous
lubrication damping during the squeezing of the gas. The
motion of the cantilever is then described by

m*Z + (o + )2 + (ki + kp)z = Foexp(jwt) — (18)
where m™ is the effective mass of the cantilever, z is the
instantaneous position of the cantilever, k; is the cantilever
stiffness, and ~, is the bulk viscous damping far from the
surface, and is related to the quality factor Q and the
resonance frequency wy via the equation

m*wo

0=——.
Yo

19)

kg and ~y are the hydrodynamic interaction stiffness and
damping coefficient, respectively, and F is the driving force,
which is given by

kA
=2

(20)
where A is the amplitude of the oscillation far away from the
interaction region (free amplitude of oscillation).

The steady-state solution z = Aexpj(wt+ ) of
equation (18) gives the stiffness and the damping coefficient:

2
kH:klM_1+w_2 3}
AQ wy
and
woAg .
L+ /70 = ——— sin(y) (22)
wA

where A and ¢ are the measured amplitude and phase of the
oscillation, respectively, and w is the driving frequency of the
cantilever.

Figure 5(b) shows the measured amplitude and phase
spectra of the cantilever far from the glass surface at a dis-
tance of 2000 um and at a distance of 3 um. We can see from
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Figure 5. (a) Schematic illustration of a sphere vibrating close to a
solid surface. (b) Amplitude and phase spectra of the cantilever
obtained at two different positions from the glass surface (the dark
lines are at D = 2000 pum and the gray lines are at D = 3 pum).

this figure that when the gap between the sphere and the
surface is reduced, the resonance frequency remains
unchanged and only the amplitude and phase vary. To mea-
sure the induced viscous damping using the amplitude mod-
ulation mode, Maali and Bhushan [63] fixed the operating
frequency and recorded the vibration amplitude and phase
versus the distance.

Figure 6(a) shows the measured amplitude and phase of
the cantilever as the gap between the glass sphere and the
glass substrate is reduced. Figure 6(b) presents the DC
deflection that allows one to determine the contact position of
the two surfaces (zero distance) with accuracy better than
1 nm. From the measured amplitude and phase signals they
use equations (21) and (22) to extract the interaction stiffness
and damping.

Figure 7 presents the damping coefficient 1 + ~,,/~, and
the stiffness ky versus the distance D. As the sphere
approaches the glass surface, the damping coefficient
increases due to the increase of the viscous drag force.
However, the stiffness is unchanged and is equal to zero [63].

In the case of non-slip boundary conditions, the hydro-
dynamic force that acts on the sphere is given by the Taylor
equation,

67nR?

F
" D

(23)
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Figure 6. (a) The amplitude and phase of the cantilever measured as
the glued sphere approaches the glass substrate. The oscillation
frequency was fixed at 139.8 kHz (20 Hz below the resonance
frequency) and the oscillation amplitude far from the surface was
1.3 nm. The modulation on the amplitude signal is due to
interferences due to multiple reflections on both surfaces (the
cantilever and substrate) of the laser light used to measure the
cantilever motion. (b) The DC deflection of the cantilever measured
as the glued sphere approaches the glass surface, which allows one
to determine the contact position of the two surfaces. The inset
shows a zoom of the DC deflection curve at a small distance [63].

where R is the sphere radius, D is the gap between the
surfaces, 7 is the viscosity of the air and z is the instantaneous
velocity of the sphere. To take into account the boundary slip
Vinogradova [62] introduced a correction function f* that
depends on the distance D and the slip length b and showed
that the expression of the viscous hydrodynamic force Fy; can
be written as:

6mnR?
Fy =z = fr20s (24)
D
if both surfaces have the same slip length b
f*zz—D (l-i-B)ln(l—&—@)— 1 (25)
6b 6b D
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Figure 7. The normalized hydrodynamic damping 1 + ~/70 and the
hydrodynamic interaction stiffness (k) versus the gap (D) between
the sphere and the glass substrate. The inset shows 1 + /7o versus
the distance on a semilogarithmic plot [63].

The inverse of the normalized hydrodynamic damping is
given as

Y D
6mnR? f*

Yo/ Y = (26)

At large separation distance D > b, f* can be expanded

in series at the first order
2
=1 — 2b
D

so, at large separation distance, the hydrodynamic force is

27)

Y0
D + 2b
el )

Yo/ Y R 5 (28)

Figure 8 presents the inverse of the normalized hydro-
dynamic damping 7o/7yy obtained from the data presented in
figure 7. The linear extrapolation of the signal is represented
by the dashed line. One can observe that the extrapolation
curve does not pass through the origin, which indicates the
presence of slip on the surfaces.

By fitting the data of the inverse of the normalized
hydrodynamic damping using equation (26), Maali and
Bhushan [63] obtained a slip length of 118 £+ 10 nm. Fur-
thermore, as shown in figure 8 the slip length b can be
extracted in this experiment without any need to fit para-
meters. The linear extrapolation of the inverse of the hydro-
dynamic damping versus the distance intersects the distance
axis at a position of 2b = 236 nm.

2000

0 1000
Distance (nm)

Figure 8. The inverse of the normalized hydrodynamic damping ~yo/
~y versus the distances between the sphere and the glass surface.
The solid line is the fit curve using theoretical expression
(equation (26)). The linear extrapolation of the signal is represented
by the dashed line and it intersects the distance axis at position

2b = 236 nm [63].

For the air at atmospheric pressure and ambient temp-
erature, the mean free path is 67 nm according to Bird [8], and
thus, on the basis of the measured value of the slip length, the
accommodation coefficient calculated using equation (1) is
about o = 0.72.

Pan et al [64] have used the same techniques to measure
the slip length on different surfaces at standard pressure. The
measurements show that the slip length does not depend on
the oscillation amplitude of the cantilever. Their data show
that on glass, graphite, and mica surfaces the slip length is 98
4 19nm, 234 + 29 nm, and 110 =+ 21 nm, respectively. The
adsorbed water on the surfaces causes inelastic collision
allowing a greater accommodation coefficient (smaller slip
length). The wettability of graphite surfaces is lower than that
of mica and glass surfaces, and it may explain the high slip
length and low accommodation coefficient.

Siria et al [65], Honig et al [66], Honig and Ducker [67],
and Bowles and Ducker [68] have studied the thermally dri-
ven oscillation of a cantilever as it gradually approaches a
wall. Under thermal excitation, the cantilever undergoes a
vibration with amplitude that depends on the temperature and
damping. In the approximation of a simple harmonic oscil-
lator the power spectral density of the cantilever vibration is
given by

2kpTwo’/kiQ (D)

PSD (w) =
«) (w? — wpH? + wwy?/0(d)?

(29)

where kg is the Boltzmann constant, 7 is the temperature and
Q(d) is the cantilever quality factor at distance d from the
surface. The damping at distance d is obtained from the



quality factor by

(30)

From an analysis of measurements of the damping versus
the distance, Siria et al [65] reported perfect boundary slip
conditions for the air flow between a silicon cantilever and a
flat cleaved optical fiber. Honig et al [67], Honig and Ducker
[66], and Bowles and Ducker [68] have used a similar tech-
nique (thermal excitation) and shown an opposite result. They
measured a finite slip in agreement with the results of Maali
and Bhushan [63], with a slip value ranging between 100 and
630 nm depending on the nature of the surfaces and their
preparations.

Let us note that, in AFM experiments, the Knudsen
number can be varied continuously over several decades by
varying the distance between the two surfaces. As the dis-
tance is reduced (increasing the Knudsen number) the canti-
lever damping increases due to the viscous flow of confined
gas between the surfaces. The measured damping is described
by the continuous hydrodynamic approach that takes into
account the slip of the gas on the surfaces.

6. Conclusion and outlook

We have described in this paper the most important techni-
ques used to measure the slip length and the accommodation
coefficient in a gas flow on isothermal surfaces. In all of the
presented techniques, the gas slip is measured indirectly. The
slip length related to the slip velocity is extracted from the
measurement of the velocity of the drop (Millikan method),
the deflection (rotating cylinder), the mass flow rate (mass
flow rate experiment), and the force measurement (AFM
experiment).

Particle image velocimetry, which was used successfully
in the last decades to directly measure liquid slip close to solid
surfaces [69, 70], was adopted to study gas flows. Some
preliminary works have recently focused on this technique
within gas microchannels. However, the first attempts using
either uPIV [54] or uMTV [55] have not been successfully
extended yet to the slip flow regime, and direct measurement
of slip at the wall with these techniques is still challenging,
particularly due to the strong diffusion effects encountered at
the microscale [56].

Recent results of the Ducker group have shown that it is
possible to modify the gas slip and the accommodation
coefficients in sifu [71]. By increasing the temperature of their
surface from 18°C to 40°C, they showed that the slip
increases from 290nm to 500 nm. They explained the
increase of the slip by the modification of the roughness of
their surface, which opens the way to in situ control of gas
flow on a given surface.

In this paper the surfaces are assumed isothermal; how-
ever there are some situations where the temperature is not
uniform. In such cases, the temperature gradient gives rise to
the so-called thermal creep that induces a lateral flow velocity
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of the gas. Understanding and optimization of this effect may
open the way to the realization of gas micro-pumps controlled
by temperature gradients.
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