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We present a nano-rheometer based on the dynamic drainage flow between a sphere and a plane from bulk
regime to highly confined regime. The instrument gives absolute measurements of the viscosity of simple
liquids in both regime. For complex fluids, the measurements involves the viscosity and the elastic modulus.
The device operates on distances ranging over four orders of magnitude from 1 nanometer to 10 micrometers,
bridging rheological properties from the macroscopic to the molecular scale. This allows to measure an
hydrodynamic or visco-elastic boundary condition and to explore the causes of the boundary condition at the
microscopic level.

I. INTRODUCTION

The equilibrium and dynamical properties of confined
fluidic or soft systems are of central interest in many in-
dustrial and environmental applications, such as friction
and lubrication, transport in porous media, nano-pores
or membranes, adhesion and mechanics of coatings, soft
nano-composites, bio-engineering materials, etc... Fun-
damental questions relate to the understanding of inter-
facial mechanics, transport, and their coupling to surface
interactions. Surface Force Apparatii are invaluable tools
for probing soft matter properties at nanoscale1. Beyond
seminal contributions on interactions, organization, and
phase transitions in thin liquid films, the extension of
the technique to dynamics forces has shown its ability
to unravel interfacial hydrodynamics, and more recently,
the non-contact mechanics of soft objects2–11. The well-
controlled surface geometry and properties in SFA en-
ables the proof-of-concept of methods further extended
to the near-field probe techniques such as AFM12.

In this article, we describe a micro-nano-rheometer
based on Dynamic Surface Force measurements. The de-
vices operates in a wide range of confinement from 10 µm
to the molecular size, enabling us to bridge the continuum
scale to the molecular scale. While the confinement varies
continuously, the quasi-static and the rheological proper-
ties of soft or fluid layers, are measured in the framework
of the linear response for frequencies between 10 Hz and
400 Hz, the amplitude of the gap oscillation ranging be-
tween 1 pm to 40 nm. Whereas common rheometers need
to assume the boundary condition near the wall, our dy-
namic SFA-based rheometer provides independent infor-
mations on bulk behavior and boundary condition, and
can also be used to investigate the mechanical properties
of the confining geometry without contact.

II. PRINCIPLE AND OVERVIEW OF CAPABILITIES

The principle of the instrument is sketched in the in-
set of figure 1. The fluid system is confined in a confined
geometry, between a sphere and a plane (crossed cylin-
ders or two spheres are also possible). The distance d(t)
between the apex of the sphere and the plane is actuated

by a home-made device as:

d(t) = D + ho cos(ωt+ φ)

The average distance D is varied quasi-statically during
an experiment, in a range from 10 µm down to contact.
The harmonic oscillation of amplitude ho � D drives
a squeeze flow in the liquid film. It gives access to the
rheological properties in the linear regime limit, at very
low shear. The force exerted on the surfaces is written as
follow: F (t) = F (D)+f cos(ωt+ψ). The zero-frequency
component F (D) is the quasi-equilibrium force at the
distance D. From the harmonic component of the force
fdyn = f cos(ωt + ψ) = Re[fei(ωt+ψ)] and from the har-

monic gap oscillation hdyn = Re[hoei(ωt+φ)], is defined
the mechanical impedance:

Z(D,ω) =
feiψ

hoeiφ
= Z ′ + jZ ′′ (1)

Z ′ corresponds to mechanical response in phase with the
displacement and gives access to the elastic response of
the system whereas Z ′′ corresponds to the component
in phase with the velocity ḣdyn and gives access to the
dissipation in the system.

The case of a newtonian liquid confined between rigid
walls with a no-slip boundary condition constitue a ref-
erence situation. In this framework and for distances
D � R, the mechanical impedance of the liquid film
is13:

Z = Z ′eq + j
6πηωR2

D
(2)

with Z ′eq = dF (D)/dD the derivative of the equilibrium
force, η the liquid bulk viscosity, R the sphere radius,
and ω/2π the drive frequency. Thus 1/Z ′′ gives access
independently to the liquid viscosity and to the hydro-
dynamic thickness, i.e. the position of the no-slip plane.

To go beyond this initial reference situation, the three
conditions can be relaxed. First, let’s consider the case of
a visco-elastic liquid flowing with the same no-slip bound-
ary condition between rigid walls. The eq.(2) can be gen-
eralized straightforwardly by using the complex viscosity
η∗ = η− iG/ω, with G the shear elastic modulus14. The
visco-elastic shear modulus of the liquid at the driving
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FIG. 1: Scheme of the nano-rheometer. The blue parts
are fixed during an experiement. The red parts move

all-together when a force is applied to the sphere,
thanks to the flexure hinge. The yellow parts move

together when the piezoelectric device is actuated. Two
mirror pairs receive the beams of the force

interferometer and of the sphere-plane displacement
interferometer.

frequency is measured by the slope of the linear varia-
tion of 1/Z ′ with respect to D.

Second, let’s consider that the boundary condition dif-
fers from a no-slip. The boundary condition has a signa-
ture on the mechanical impedance. In case of a Navier’s
partial slip λvslip = η∂v/∂z|wall with λ the fluid fric-
tion coefficient at the boundary15, the viscous damping
writes16,17 :

Z = j
6πηωR2

D
fslip

(
b

D

)
b =

η

λ
(3)

fslip

(
b

D

)
=
D

3b

[(
1 +

D

6b

)
ln

(
1 +

6b

D

)
− 1

]
(4)

Moreover, this expression also holds in the case of a visco-
elastic liquid18, using the complex slip length b∗ = η∗/λ.
At large distance, a seconde order Taylor expansion of
eq.(4) gives the macroscopic behavior of the hydrody-
namic impedance:

D � |b∗| 6πωR2

Z
' jD + 2b∗

η∗
=
jD

η∗
+

2j

λ
(5)

Thus the real and imaginary components of 1/Z at a large
scale D � |b∗| provide an independent evaluation of the
visco-elastic modulii, the location of the flow boundary,
and the boundary friction. At smaller scale, the full an-
alytic expression (4) allows one to bridge the scales and
quantify how the dynamics of the confined fluid deviates
from the macroscopic rheological picture in terms of bulk
and boundary properties.

Third, the elasticity of the confining geometry has an
impact on the mechanical impedance. This effect pro-
vides a way to measure, without contact, the elastic
modulus of the confining media or of thin coatings11,19.
The elasto-hydrodynamic (EH) impedance taking into
account the elastic deflection of the confining media
writes19:

Z =
dF (D)

dD
+

6πηωR2

D
g∗EH(D/Dc) (6)

with Dc an elasto-hydrodynamic distance depending
on the coating thickness and modulii, the driving fre-
quency, and g∗EH(D/Dc) a complex factor19. For ho-
mogeneous confining media of reduced Young modulus
E∗ = E/2(1 − ν2) with E the Young modulus and ν
the Poisson ratio, the elasto-hydrodynamic distance is
Dc = 8R(ηω/E∗)2/3. At large distance D � Dc, the
asymptotic behavior of g∗EH(D/Dc) allows to reduce the
inverse of the EH impedance to19:

1

Z
' − jD

6πηωR2
+

3π

32E∗
√

2RD
(7)

And in case of layered solids made of a thin soft coatings
of thickness τ and shear modulus Gs on a stiff support.
The eq.(8) holds when D � Dc = τ(4ηω/3Gs)

1/3

1

Z
' − jD

6πηωR2
+

2τ3

9πGsR2D2
(8)

Thus, when the liquid used is fully Newtonian, the real
part of 1/Z provides a non-contact measurement of the
confining media elasticity.

III. DESIGN AND PERFORMANCES

A. Mechanical design

A schematic view of the nano-rheometer is shown in
figure 1. The plane surface is actuated via a vertical
translation stage composed of two parts. First a M126-
PI DC motor is used to reduce the gap between the plane
and the sphere up to 10 microns by displacements from
1 µm to 25 mm. Second a piezoelectric actuator PI
LISA753 of 15µm range used for approaching the sur-
faces during experiments and to impose an harmonic os-
cillation of the gap distance. The motion is vertical and
the confined geometry can be immersed in a liquid bath,
allowing us to work with volatile fluids.

The force sensor is a flexure hinge on which the sphere
is rigidly coupled. The deflection of this elastic element
and the relative displacement between the surfaces, are
independently measured by two interferometers. For this
purpose, one pair of mirrors is coupled to the flexure
hinge and to the fixed frame of the setup and a second
pair to the piezoelectric stage and to the flexure hinge.
The parallelism between paired mirrors allows to reach
the highest interferometric contrast. Four motors tilt
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independently each piece holding the mirrors for paral-
lelism. For calibration or feed-back purpose, a force can
be applied to the flexure hinge by a coil-magnet system
located along the sphere axis.

The full setup is isolated from external vibrations. A
MinusK anti-vibrating table weighted by a 350 kg pay-
load filters efficiently the external mechanical vibrations
above 0.5 Hz. For thermal stability, the instrument is
located in a separate room thermally insulated.

B. Motion control

The piezoelectric stage is actuated by a home made de-
vice to control the approach/retract velocity of the sur-
faces from 0.01 nm/s to 10 nm/s. A voltage ramp is
applied on one of the electrical terminals of the piezo-
electric stack to enforce a velocity controlled displace-
ment. We generate the voltage ramp with an integrator
electrical circuit using a 10µF capacitance with very low
leakage current (935C2W10K from Cornell Dubilier), a
1 MΩ resistance, and a high voltage operational ampli-
fier (LTC6090) covering the voltage range (0-120V) of
the piezoelectric stage. The integrator system is fed by a
constant voltage Ve between 1 mV and 1 V, and provides
a constant speed u = αVe/RC, with α = 100 nm/V the
sensitivity of the piezoelectric stage.

The oscillating motion of the plane is driven by con-
necting the ground terminal of the piezo stage stage di-
rectly to the sinusoidal output of a SR830 lock-in ampli-
fier. The common-mode terminal of the lock-in is con-
nected to the common-mode of the integrator output to
ensure the differential driving of the piezoelectric. The
dynamic excitation of the lock-in amplifier delivers a si-
nusoidal voltage corresponding to a nominal oscillation
amplitude from 1 pm to 50 nm for the stage.

C. Displacement sensors

The setup contains two high-resolution displacement
sensors: one measures the relative displacement of the
surfaces, and the second measures the deflection of the
flexure hinge in order to determine the force. Both dis-
tance measurements are based on the Nomarski interfer-
ometer, which provides a particularly high signal-to-noise
ratio20,21.

The common light source is a stabilized He-Ne laser
(Melles Griot 05-STP-912 with 1 MHz stability over 8
hours) located out of the vibration table and connected
to a polarization maintaining optical fiber (Newport F-
PM630 FC/APC) whose output is equipped with a colli-
mator (Newport F-H10-NIR APC) and a beam reductor.
The output beam is separated into two beams of equal
intensities for each interferometer, and polarized with a
Glan-Taylor polarizer of high extinction ratio (Thorlabs
DGL10, 100 000:1) at 45o of the axis of a polarization
separator. The latter, a modified Savart plate (MSP),
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FIG. 2: Scheme of the modified Savart plate used to
measure the distance x between two mirrors.

splits the two polarizations s and p with an equivalent
optical path18,22. Each polarization pair impinges on the
appropriate mirror pair and recombines in the MSP. The
two output beams have an elliptical polarization corre-
sponding to an optical phase shift φ = 4πx/λ+ φo, with
x the distance between the two mirrors of the respective
pair, and φo a residual phase. Each output beam is then
sent to its own analyzing arm.

The interferometer devoted to force measurements is
analyzed with the standard detection described in21,23,
using a Wollaston prism and two photodiodes (Hama-
matsu). The current intensities I1 and I2 are converted
with a home-made device calculating analogically the
normalized contrast:

I1 − I2
I1 + I2

∝ Voff + CV0 cos(
4πx

λ
+ φ0) (9)

The measured contrast is higher than 0.9, depending on
the mirrors parallelism and the photodiodes gains. The
amplitude CV0 and the offset Voff are calibrated by de-
flecting the flexure hinge over several wavelengths using
the coil-magnet system. Due to the stiffness of the force
sensor, its deflection is mainly null around the point of
zero-deflection. We use a Babinet-Soleil compensator lo-
cated ahead of the MSP, in order to maintain the signal
around its maximum of sensitivity21 at φ = 4πx/λ ∼ 0 .

In contrast, the interferometer measuring the relative
displacement of the two surfaces has to operate over sev-
eral micrometers. In order to always maintain a conve-
nient sensitivity for any phase-shift, we use the quadra-
ture phase set-up described by Paolino et al24. The out-
put beam is separated into two beams, each of them
analyzed as described above. In addition, one of the
analyzing arm has a quarter-wave plate which adds an
optical phase shift of π/2 to the polarization. In this
way two contrasts CX ' cosφ(x) and CY ' sinφ(x)
are obtained, with at least one presenting a convenient
sensitivity at any φ(x) position. The quasi-static dis-
placement is obtained by calculating numerically φ =
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FIG. 3: Transfer function of the flexure hinge done
using the coil-magnet system and two lock-in amplifiers.
To obtain the transfer function, we collect the voltage
corresponding to the displacement of the flexure hinge

and the current going through the coil which is
proportional to the force. The fit in black is based on a
mass-spring model. The inset shows the so-called added
mass method where some small masses are add to the
flexure hinge and the resonant frequency is measured

using the second order oscillator equation. The linearity
between the mass and the opposite of the squared

resonance frequency gives the equivalent mass Mo and
the stiffness K of the flexure hinge

4πx/λ−φ0 =atan(CY /CX). For the oscillatory displace-
ment, we have developed an electronic circuit delivering
in real-time a signal proportional to the small variation
δφ(t) of the optical phase around its average value φ̄25.
The delivered signal is analyzed by a lock-in amplifier
(SR830). Finally, the resolution of the sphere-plane dis-
placement sensor, is of 0.1 nm for the quasi-static dis-
placement (1 Hz bandwidth), and 1 pm for the amplitude
of the dynamic displacement.

D. Force sensor

The flexure hinge used as force sensor is designed us-
ing the geometry reported in26. The lateral distances be-
tween hinges are 30 mm and the vertical is 33 mm. The
sizes of the hinges are chosen to target a stiffness, for the
vertical motion on figure 1, of 6000N/m. It is realized
in aluminium alloy 7075 by electro-erosion. The residual
motion in rotation, calculated from the actual dimensions
of the hinge after realization, is of 0.5µrad/m26. The
residual rotation induces a lateral displacement of the
sphere compared to the plane surface. This displacement
is proportional to the sphere displacement (less than 1 nm
for the harmonic oscillations and 100 nm for indentation
experiments). Since the distance between the sphere and
the farthest hinge, is 60 mm, the lateral displacement is

between 5.10−9 to 5.10−7 nm depending on the sphere
vertical excursion. Compared to the normal displace-
ment, it can be neglected and the shear effects associated
to the lateral displacement are not relevant in this set-up.

The mechanical response of the flexure hinge is cali-
brated using the coil-magnet system driven in current.
The applied harmonic force fdyn is proportional to the
current through the coils. Its dynamical response repre-
sented in figure 3 is very well described by a second or-
der oscillator equation, with a resonance frequency fres
=118 Hz and quality factor Q= 500. The flexure hinge
stiffness, measured with the method of added mass, is
K= 5707±0.6 N/m. The effective mass without sample
is Mo=6.840±0.001 g. Associated to the Nomarski inter-
ferometer, the resolution of the force sensor is 0.1 µN for
quasi-static forces and 10 nN for dynamical forces.

IV. ILLUSTRATION OF THE CAPABILITIES

We first demonstrate the possibilities of the instrument
in terms of surface forces and nano-rheology measure-
ments, on an alcane film and a visco-elastic solution con-
fined between ultra-smooth borosilicate surfaces. The
roughness of the surface is measured by taking the root
mean square of the topography over an area of 100 µm2.
The rms roughness is less than 2 Å on the sample pre-
sented here.

Concerning the capabilities of the instrument, we pro-
pose here few examples of possibilities. First, we will
show that this rheometer is able to measure surface
forces associated to van der Waals interactions, elastic in-
dentation and adhesion in hexadecane confined between
borosilicate glass. Second, we will show how to mea-
sure viscosity and the hydrodynamic boundary condi-
tion from microns to nanometers gap. Third, under very
high confinement, we will show that the solid walls of
the confined geometry can not be considered anymore
as infinitely rigid and we will measure the response of
the stack borosilicate-hexadecane in terms of elastic and
viscous response. Finally we will illustrate the possibili-
ties of the instrument to investigate the micro and nano-
rheological properties of a visco-elastic liquid, from the
bulk to the molecular scale.

A. Equilibrium surface forces

The first example consists in confining an alcane (n-
hexadecane from Sigma Aldrich), between 2 Å rough-
ness floated borosilicate surfaces. The experiment is per-
formed at room temperature (300 ± 1K), with a sphere
of radius 3.24 ± 0.02 mm. The figure 4 represents the
quasi-static force measured with respect to the sphere-
plane distance.

At large distance the force is bearly measurable in fig-
ure 4. At a distance smaller than 2 nm, a negative jump
of the force is observed due to the attractive Van der
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Waals forces. This attraction leads to the contact of
the surfaces corresponding to a minimum of the force.
This minimum is chosen as origin for the distance. The
jump due to mechanical instability occurs when the neg-
ative stiffness of the attraction potential has the same
absolute value as the hinge stiffness, corresponding to
a force jump ∆F = K2/3(ASLSR/3)1/3 where ASLS
is the solid-liquid-solid Hamaker constant. From the
value of the force jump ∆F = −4.7µN, we obtain a
borosilicate/hexadecane/borosilicate Hamaker constant
ASLS=2.95 10−21J. A full calculation of the theoretical
Hamaker constant1 gives

A =
3

2
kBT

∞∑
0

(
ε1(iνn)− ε2(iνn)

ε1(iνn) + ε2(iνn)

)
νn =

nkBT

h̄
(10)

using the approximation of the optical indexes (1.433 for
hexadecane and 1.5 for borosilicate) for calculating the
permittivities εi(iνn) of the materials at the frequency
νn

1. This calculation yields a value of the Hamaker con-
stant ASLS=2.97 10−21J in very good agreement with
the measurement.
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Hertz law eq. (11). Right axis (O): the imaginary part
of Z−1. The dashed line is the best fit with an affine
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motion.

The elastic repulsion due to indentation is measured
between the surfaces for negative distance D (figure 4).
The force is in excellent agreement with the Hertz contact
law:

FH =
4

3
E∗
√
Rδ3/2 −∆F (11)

where δ = −D, E∗ is the reduced Young modulus of
the two borosilicate surfaces, and ∆F accounts for the

contact adhesion. The black solid line on figure 4 cor-
responds to the Hertz law calculated with the reduced
modulus E∗=34 GPa obtained from the values of the
borosilicate Young’s modulus E= 65 GPa and Poisson
ration ν=0.2 reported by suppliers (Schott, PGO and
Corning).

During the surfaces withdrawal, the force shows
an important adhesion characterized by a pull-off
force Fadh=135 µN (inset of figure 4). Within the
Derjaguin-Muller-Toporov theory appropriate for these
rigid surfaces27, the pull-off force is related to the
Hamaker constant and the solid-liquid surface tension by
Fadh/4πR = γSL = ASLS/24πa2 where a is a molecu-
lar cut-off distance. We find a value of the hexadecane-
borosilicate interfacial tension γSL=3.3 mN/m, and with
the above value of the Hamaker constant, a molecular
cut-off distance a=1.1 Å. This value, slightly lower that
the one reported for alcane/mica interfaces1, corrobo-
rates the ultra-low roughness of the fused borosilicate
surfaces.

B. Hydrodynamics and boundary condition

The hydrodynamic impedance is measured using oscil-
lation amplitudes ho between 0.01 and 40 nm, in order
to remain in a linear response domain ho/D < 0.05. The
temporal signals are analyzed with two lock-in amplifiers
Stanford Research SR830, one of which drives the piezo-
electric stage. The lock-in amplifiers are set with a 0.3 s
integration time and a low-pass filter decreasing with a
slope of 18dB/oct. The experiments are performed with
a continuous drift velocity of 0.1nm/s close to the con-
tact, up to 4 nm/s at large distance. The values of the
complex dynamic force and dynamic relative displace-
ment, are numerically processed using the sensors cali-
bration and the flexure hinge transfer function, to obtain
the mechanical impedance.

The inset of figure 5 shows the inverse of the damp-
ing coefficient measured at three different frequencies of
30Hz, 80Hz and 220 Hz on a n-hexadecane film, as a
function of the sphere-plane distance D. The linear vari-
ation of 1/Z ′′ as a function of the sphere-plane distance
D corresponds to the reference situation of eq.(2). The
slopes are inversely proportional to the working frequen-
cies, and lead to the value η =2.87±0.05 mPa.s for the
viscosity of hexadecane, in good agreement with the tab-
ulated values for the bulk value of the shear viscosity of
hexadecane.

The distance for which 1/Z ′′ vanishes is taken as a ref-
erence. It determines the thickness of the flowing liquid
and defines the hydrodynamic origin of the distances ac-
cording to eq.(2). The values of the origin found for the
3 different frequencies agree within each other, and with
the mechanical origin defined from the jump-to-contact
within 1nm. The figure 4 illustrates the location of the
hydrodynamic origin. We thus conclude that hexadecane
flows on borosilicate with a no-slip boundary condition
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within 1nm, in good agreement with the behavior found4

for the flow of alcanes on mica surfaces.

C. Measurement of the Young modulus of borosilicate
solid by confined liquid

The elastic properties of solids can be achieved by con-
tact measurements such as indentation, tensile testing or
shear testing. The force response due to indentation de-
pends on the elastic properties of the solid. We present
here the measurement of the elastic properties of 2 Å
roughness borosilicate surfaces. The measurement of the
Young modulus of borosilicate, without any mechanical
contact, is possible due to elasto-hydrodynamic behavior
of the stack borosilicate/hexadecane/borosilicate. Un-
der high confinement, the imaginary part of 1/Z deviates
slightly from its linear variation with the sphere-plane
distance observed at large scale (figure 4, below 3 nm).
This deviation from the linear variation with the dis-
tance is neither a deviation from the newtonian behavior
of the liquid, nor a contribution of the 2 Å roughness
of the surfaces. It is the signature of the deformation
of the surfaces which provides an elastic response in the
mechanical impedance measurements represented on the
figure 5. At this scale, even borosilicate surfaces are not
infinitely rigid and the deformation is measurable by liq-
uid pressure indentation.

The figure 5 shows the components of 1/Z at 220Hz
plotted in logarithmic scale. At a distance larger than
3nm, it follows the scaling laws from eq.(7), Re[1/Z] ∝
D−1/2, which is the signature of the elasto-hydrodynamic
flow of the liquid layer between semi-infinite elastic vol-
umes. Both components are indeed in perfect agreement
with the prediction without any ajustable parameter
from eq.(6), using the bulk properties of hexadecane (vis-
cosity) and borosilicate (Young’s modulus and Poisson
ratio) and the tabulated complex factor19 g∗EH(D/Dc).
At large distances, the noise observed on Re[1/Z] corre-
sponds to the phase resolution of 0.2 mrad between real
and imaginary components of the lock-in amplifier.

As a consequence, this rheometer provides a very re-
solved measurement of the elasticity of confining media
without contact, thanks to the the decay of Re[1/Z] with
the distance. A Young modulus as high as 65 GPa
can be resolved using a liquid of rather low viscosity
(3 mPa.s). The range of measurement of the hydrody-
namic impedance extending over 5 orders of magnitude,
shows the dynamical precision and the accuracy achieved
by this set-up.

D. Nano-rheology of complex liquids

The use of the nano-rheometer to study the dynam-
ics of a confined complex liquid is illustrated using a
semi-dilute solution of poly-electrolyte in water. The
poly-electrolyte is a poly-acrylamide HPAM (from SNF
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hexadecane between elastic borosilicate surfaces, as a
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continuous lines are the results of the
elasto-hydrodynamic calculation extract from eq.(6)

and involve no fitting parameter. The input parameters
for the calculation are the reduced Young modulus
E? = 65 GPa of borosilicate and the viscosity of

hexadecane η = 2.87 mPa.s. Inset: Imaginary part of
Z−1 at the frequencies of 30Hz, 80Hz and 220Hz,

plotted in linear scale as a function of the distance in
micrometers.

Flopaam 3630S) of molecular weight 20.106 g/mole, cor-
responding to chain length 1.1 µm. The solution is pre-
pared with 1g of dry product in 1 liter of pure water. For
this concentration and molecular weigth, it is considered
that the correlation length of the semi-dilute solution is
about ξ ≈ 30 nm28.

The figure 6a plots the components of the inverse hy-
drodynamic impedance Z−1 measured at 220Hz over dis-
tances up to 14 µm. The HPAM solution has a visco-
elastic behavior. At large distance D, it viscosity η can be
extracted from the slope of Im[Z−1]. A value of η egal to
6.6 mPa.s is measured in good agreement with bulk value
for shear viscosity28,29. Its elastic modulus extracted
from the slope of Re[Z−1] at large D, is G = 8.36 Pa.
It also appears on this large scale plot that the bound-
ary condition is not a no-slip boundary condition. The
dashed lines in figure 6a plot the best fit of the data with
the Navier slip model eq. (4), using a complex slip length
b∗ = η∗/λ. The (real valued) friction coefficient λ is the
fitting parameter. We find λ = 31.385 kPa.s/m, giving
a slip length |b∗| = 285 nm on each surface. The Navier
slip model is in perfect agreement with the data for dis-
tances ranging from 200 nm to 14 µm. In particular,
the Navier’s slip model points toward the hydrodynamic
origin.
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FIG. 6: (a): components of 1/Z for a HPAM solution
between borosilicate surfaces as a function of the

distance in micrometers. The dots are the data, the
dashed lines are the components of the best fit with the

Navier’s slip model eq. (4). (b) left axis (◦): the
quasi-static force between the surfaces. (b) right axis:

imaginary part of 1/Z (red dots). The continuous line is
the best fit with the Naviers’s slip model plotted in (a).
The dashed gray line is the imaginary part of 1/Z for

hexadecane.

E. Revealing electrostatic depletion

At a lower scale (figure 6b) the Navier’s slip model de-
viates from the data and predicts a lower hydrodynamic
force than the measured one. Below 20 nm, the quasi-
static force increases exponentially, showing an electro-
static repulsion between the surfaces. The associated sur-
face charge, of about 20 mC/m2, is much larger than the
charge of borosilicate surfaces in water and is attributed
to an adsorption layer on the surfaces. The polymer
chains in the solution, of same charge than the adsorption
layer, are then repelled out of the Electrostatic Double
Layer (EDL), resulting in a depletion layer of about 15
nm on each surface, as shown on the profile of the static

force. The depletion layer has a viscosity lower than the
bulk, as shown by the slope of Im[Z−1] as a function of
D in the EDL region sketched in figure 6a. Thus we
can interpretate the slippage observed at large distance
as the effect of an electrostatic depletion layer. This orig-
inal result opens a new framework for the interpretation
of slippage of fluid onto surfaces: a 2-fluid model incor-
porating a depletion layer of finite thickness on each wall
would be more appropriate than the Navier slip model
to account for the rheological behavior of the solution at
confinements below 200 nm.

V. CONCLUSION

A micro-nano-rheometer dedicated to mechanical stud-
ies of soft interfaces and confined media has been de-
scribed. Two interferometric sensors of high resolution
give simultaneous access to both the separation and the
force between the surfaces with a range of distance from 1
nm to 10 micrometers, and a frequency range from 10Hz
to 400 Hz. The use of the device to bridge macroscopic to
molecular rheological properties of liquids at interfaces is
demonstrated on two examples involving visco-elasticity,
boundary slippage, and elasto-hydrodynamic measure-
ments.
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