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The slip behavior of polydimethylsiloxane (PDMS) polymer melts flowing on weakly adsorbing
surfaces made of short non-entangled PDMS chains densely end-grafted to silica has been charac-
terized. For high enough shear rates, slip lengths proportional to the bulk fluid viscosity have been
observed, in agreement with Navier’s interfacial equation, and demonstrating that the interfacial
Navier’s friction coefficient is a local quantity, independent of the polymer molecular weight. Com-
paring the interfacial shear stresses deduced from these measured slip lengths to available friction
stress measured for crosslinked PDMS elastomers, we further demonstrate the local character of the
friction coefficient and compare its value to the monomer-monomer friction.

Understanding the mechanical properties of polymer
melts or polymer solutions usually needs a rheometer in
which the friction on the plates is supposed to be known
in order to decouple the interfacial properties and the
bulk properties of the polymer. The simplest hypothesis
is to assume the relative tangential fluid velocity to be
zero. Historically, Navier introduced in a linear response
approach a more general condition [1]: the shear stress
at the solid-liquid interface should be proportional to the
component of the fluid velocity tangent to the surface V :

σfluid→surface = kV (1)

where k is an interfacial solid-liquid friction coefficient,
assumed to be independent of the shear rate. This co-
efficient is usually converted into the so called Navier’s
slip length b = η/k. It represents the distance from the
surface at which the velocity profile extrapolates to zero.
The determination of slip lengths for simple fluids has
been the subject of intensive experimental [2–7] and the-
oretical [8–11] researches over the last 20 years. The mea-
sured slip lengths lie between 0 to 50 nm and appear to
be highly sensitive to tiny molecular details of the sur-
faces [3, 5].

Polymer melts can present huge slip lengths contrary
to simple liquids. They thus are interesting candidates
to quantitatively test Eq. 1 and possibly get rid of the
molecular details of the surface. Indirect experimental
evidences for a giant slip of polymers melts were provided
by extrusion instabilities reported since the 40’s [12], ex-
tensively studied by polymer rheologists [13]. In 1979, de
Gennes proposed a simple explanation of such a huge slip,
for polymer melts [14] flowing on ideal non-adsorbing sur-
faces. The physical idea is that k, which results from
the local contact between monomers and the solid wall,
should be independent of chain entanglements and chain
length, while entanglements do control the polymer melt
viscosity. The slip length should thus simply be propor-
tional to the polymer viscosity:

b(M) =
η(M)

k
(2)
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where M is the molecular weight of the polymer. Few
attempts to test quantitatively Eq. 2 have been reported
despite the potential interest in terms of testing the
Navier’s hypothesis. An important experimental issue
is the strong tendency of polymer molecules to adsorb
at surfaces. Adsorption of few polymer molecules on the
surface has been reported to be responsible for a strongly
non linear slip behavior, characterized by three different
slip regimes depending on the shear rate: for low shear
rates, entanglements between surface adsorbed and bulk
chains produce a large friction and thus a weak slip, while
for high enough shear rates, bulk and surface chains be-
come stretched and fully disentangled, leading to high
slip. In between, the slip length increases at characteris-
tic fixed shear rate [15–21]. Durliat et al. [22] observed a
shear independent high slip regime, for one PDMS molec-
ular weight flowing on weakly dense PDMS grafted lay-
ers. Mhetar and Archer [16] investigated the molecular
weight dependence and measured slip lengths scaling like
b ∼ M1.3 on weakly adsorbing surfaces due to some de-
fects on their surfaces. Wang and Drda [23] reported a
slip length at the onset of high slip scaling like b ∼M3.5.
More recently, Dewetting experiments [24, 25], reported
slip lengths proportional to the viscosity for high molec-
ular weights melts. All these studies indicate that high
slip can indeed be obtained with polymer melts at large
enough shear rates and tend to show that the slip lengths
do scale with bulk viscosities. They however lack two
crucial facets needed to understand the phenomenon at
the molecular level: a clear investigation of the shear rate
dependence, and an independent determination of the in-
terfacial friction coefficient, k, so that the validity of the
Navier equation could be fully tested.

We present here direct proofs of both Navier and de
Gennes hypothesis, based first on direct measurements of
the slip lengths for PDMS melts with various molecular
weights and narrow molecular weight distributions, flow-
ing on silica surfaces decorated with densely packed end-
anchored non-entangled short PDMS chains, and second,
on direct friction measurements of crosslinked PDMS
elastomers sliding on the same surfaces.

All polymer fluids used were trimethylsiloxy termi-
nated PDMS melts with number average molecular
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weights Mn of 610, 787 and 962 kg·mol−1 with polydis-
persity indexes 1.15, 1.22 and 1.27 respectively. These
melts were obtained by controlled fractionation of a com-
mercial batch (Petrarch PS047.5), and mixed with 0.5%
by weight of fluorescently labled photobleachable PDMS
chains with a number average molecular weight M?

n =
321 kg·mol−1 and polydispersity index 1.18. At this low
concentration, the labeled chains aee known not to affect
the rheology of the system [26]. fluorescent chains were
lab-synthesized and labeled at both ends with nitroben-
zoxadiazole groups (NBD) emitting at 550 nm [27, 28]
when excited at 458 nm. The surfaces on which slip was
investigated were the polished surface of a fused silica
prism, covered with end grafted short PDMS chains with
an average number molecular weight 2 × 103 g·mol−1,
well below the average molecular weight between entan-
glements, Me ≈ 10 × 103 g·mol−1 for PDMS [29, 30].

The synthesis protocol of these end-functionalized
chains along with the grafting procedure are detailed in
Marzolin et al. [31]. The dry thickness of the grafted
layer was 3.2 nm which corresponds to grafted chains in
the stretched regime. The advancing contact angle of
water of this surface was θa = 112◦ with an hysteresis of
5◦.

FIG. 1. Principle of velocimetry using photobleaching. Top:
schematics of the photobleached line inside in the fluid. Bot-
tom: the liquid has been sheared over a distance ds, with a no
slip boundary condition at the top plate while it has slipped
at the bottom plate over a distance d which corresponds to a
slip length b. The observation of the photobleached line from
the top allows to measure b and the shear rate γ̇.

The experimental technique used to measure the slip

lengths is described in details in the supplementary ma-
terials, and with a discussion on the resolution in [32]. It
is an improved version of the velocimetry technique de-
scribed by Léger et al. [15]. As can be seen in Figure 1,
the determination of the slip length relies on the observa-
tion under a simple shear of a pattern drawn in the flu-
orescent polymer using photobleaching. This technique
allows an independent measurement the slip lengths at
both surfaces and the real shear rate γ̇ experienced by
the polymer melt during the shear.

FIG. 2. Slip lengths as a function of the shear rate experi-
enced by the fluid for melts of molecular weight 609, 787 and
962 kg·mol−1.

.

The slip lengths measured for the three investigated
melts are reported in Figure 2 as a function of the shear
rate experienced by the fluid. Two slip regimes are ob-
served: at low shear rates, b increases with γ̇ while above
a critical shear rate γ̇? which depends on the sample,
the slip lengths decrease slowly. Such a transition has
yet been reported in the literature by Migler et al. [20]
and Massey et al. [17] and has been attributed to few
adsorbed long chains on the surface [21] which undergo
a transition from entangled to disentangled. The exact
same mechanism has been recently used to explain the
difference of slippage observed in dewetting compared to
leveling experiments [33]. Due to the large polydispersity
of loops and tails in case of adsorbed chains, the transi-
tion appears progressive contrary to what has been ob-
served for end grafted chains. Anyway, for large enough
shear rates, the surface attached chains become fully dis-
entangled from the melt chains leading to b approxima-
tively independent of γ̇. Quite recently, Chennevière et
al. [34] based on neutrons reflectivity experiments, could
probe directly such an expulsion of the melt chains from
the surface layer for high shear rates. Then, the decreas-
ing slip lengths for γ̇ > γ̇? can be considered as charac-
teristic of a slip in the disentangled regime.

Rheological measurements performed on the
787 kg·mol−1 melt showed that the shear rates in
the second regime are close to the onset of shear-
thinning (see supplementary materials). Similar
measurements could not be done on the other melts,
due to the very small available volume of polymer. The
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FIG. 3. Slip length as a function of the viscosity of the melts
at the shear rate at which b was measured. The black line
of slope 1 is the prediction of de Gennes’s model with no
adjustable parameters using the fiction coefficient obtained
from friction experiments [35]. The legend of these markers
are the same than in Figure 2.

shear rate dependences of viscosity of these melts were
thus estimated by extrapolation as explained in the
Supplementary material.

Figure 3 represents the slip lengths in the disentangled
regime as a function of the viscosity at the corresponding
shear rate. The vertical error bars shown on this graph
come from the method of measurement. This uncertainty
on slip lengths propagates on shear rates and therefore
on the determination of η(γ̇). The clear linear relation-
ship between the slip length and the viscosity provides
a direct proof of the full validity of the Navier’s hypoth-
esis of a linear response at the interface, and thus of a
friction coefficient independent of the shear rate. It also
demonstrates that the friction coefficient k is indeed in-
dependent of the chain length as predicted by de Gennes
in 1979 [14]. A linear fit of these data provides a value
for the interfacial friction coefficient, with no need of any
other hypothesis: kslippage = 8.6×107 kg·m−1·s−1. It has
been proposed that for such a system of a polymer flow-
ing on a brush of the same polymer, the friction should
be mainly a monomer-monomer friction [21, 36]. We thus
expect kslippage = ζ/a2, where ζ is a monomeric friction
coefficient and a a monomer size. Using a = 0.5 nm,
we obtain ζ = 22 × 10−12 N·s·m−1. This value is fully
consistent with ζ = 8.6 × 10−12 N·s·m−1 obtained with
self-diffusion measurements [27] or rheological measure-
ments [37].

In order to further strengthen the molecular origin of
the interfacial coefficient, we have compared interfacial
stress measurement on two different systems, both con-
sisting at the molecular level PDMS monomer-monomer
contact. Bureau [38] and Cohen [35], investigated the
friction of small cross-linked PDMS lenses on the same
grafted layers that used in this study. For soft elastomer-
solid contacts, the friction is not characterized by a solid
friction coefficient since the apparent and real contact
areas are equal. Instead, the significant physical quan-
tity is the tangential stress σ exerted by the elastomer
sphere on the solid surface. This stress was measured at
different sliding velocities V by Bureau et al. and Co-

FIG. 4. Tangential stress exerted by PDMS melts or
crosslinked elastomers on a grafted layer of short PDMS
chains. Empty symbols represent data for the melts used in
this study, calculated using data of Figure 3. The legend of
these markers are the same than in Figure 2. Black symbols
are data corresponding a crosslinked PDMS lens, reproduced
from Cohen et al. [35].

hen et al from the same group, and independently by
Casoli et al. [39]. All the reported data are in good
agreement with a linear relationship between σ and V ,
σ(V ) = σ0 + kfrictionV , with σ0 depending on the quality
on the grafted layers. The experimental data σ(V ) − σ0

from [35] are reproduced in Figure 4 (gray markers). At
low velocity, the rubber-surface data become scattered
due to their high sensibility to small heterogeneities at
the surface avoiding a precise study of a possible devia-
tion to a linear behavior. Using the expression σ = ηV/b
derived from Eq. 1 and 2, the interfacial stress exerted by
the three PDMS melts on the surfaces in our slip mea-
surements were calculated, and are shown in Figure 4
(empty colored markers). Only the data from the dis-
entangled regime are shown (γ̇ > γ̇∗). All the rubber
and melt friction data collapse on a single master curve.
It was not possible to explore the same range of veloc-
ity with the two experiments due to contact instabilities
related to the apparition of Schallamach waves at the
rubber-surface interface [40]. The dashed line in Fig-
ure 4 is an adjustment of Eq. 1. This is the first direct
proof that at the molecular level, this friction should be
a monomer-monomer friction, as for both systems ev-
erything is made out of PDMS. For these systems, we
obtain kslip = kfriction ≈ ζ0/a

2 as suggested theoretically
by [36, 41].

In conclusion, using a velocimetry technique based on
photobleaching, we measured the slip length for three
PDMS melts of different molecular weights flowing on
a weakly-adsorbing surfaces. We observed slip lengths
proportional to the melt viscosity for high enough shear
rates as predicted by Navier. This linear dependence
also provided a strong test of the de Gennes’s model [14]
for polymer melts flowing on ideal surfaces at the onset
of of the shear-thinning regime. More interestingly, we
showed for the first time that the friction coefficient of
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the melts flowing on grafted layer of short PDMS chains
is equal to the one measured by direct solid friction mea-
surements of a crosslinked PDMS elastomers on the same
surfaces. This allowed to directly connect for the first
time solid-solid friction to solid-fluid friction in a direct
measurement.
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Review Letters 94(24), 244501.

[6] Neto, C., Evans, D. R., Bonaccurso, E., Butt, H.-J., and
Craig, V. S. J. (2005) Reports on Progress in Physics
68(12), 2859–2897.

[7] Lauga, E., Brenner, M., and Stone, H. (2007) Microflu-
idics: the no-slip boundary condition In Springer hand-
book of experimental fluid mechanics pp. 1219–1240
Springer.

[8] Bocquet, L. and Barrat, J.-L. (1994) Physical Review E
49, 3079.

[9] Thompson, P. and Troian, S. (1997) Nature 389, 360–
362.

[10] Priezjev, N. V. and Troian, S. M. (2004) Physical Review
Letters 92(1), 018302.

[11] Bocquet, L. and Barrat, J.-L. (2007) Soft Matter 3(6),
685.

[12] Petrie, C. J. and Denn, M. M. (1976) AIChE Journal
22(2), 209–236.

[13] El Kissi, N. and Piau, J. (1990) Journal of Non-
Newtonian Fluid Mechanics 37, 55–94.

[14] De Gennes, P. G. (1979) C. R. Acad. Sc. Paris.
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