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Poroelastic indentation of mechanically confined hydrogel layers
J. Delavoipière, Y. Tran, E. Verneuil and A. Chateauminois∗

We report on the poroelastic indentation response of hydrogel thin films geometrically confined within contacts with rigid spherical probes of radii in the millimeter range. Poly(PEGMA) (poly(ethylene glycol)) methyl ether methacrylate), poly(DMA)
(dimethylacrylamide) and poly(NIPAM) (N-isopropylacrylamide) gel films with thickness less than 15 µm were grafted onto
glass substrates using a thiol-ene click chemistry route. Changes in the indentation depth under constant applied load were monitored over time as a function of the film thickness and the radius of curvature of the probe using an interferometric method.
In addition, shear properties of the indented films were measured using a lateral contact method. In the case of poly(PEGMA)
films, we show that poroelastic indentation behavior is adequately described within the framework of an approximate contact
model derived within the limits of confined contact geometries. This model provides simple scaling laws for the characteristic
poroelastic time and the equilibrium indentation depth. Conversely, deviations from this model are evidenced for poly(DMA)
and poly(NIPAM) films. From lateral contact experiments, these deviations are found to result from strong changes in the shear
properties as a result of glass transition (poly(DMA)) or phase separation (poly(NIPAM)) phenomena induced by the drainage of
the confined films squeezed between the rigid substrates.

Introduction

to probe the elasticity and permeability of gels. 7–9 When viscoelastic effects come into play, indentation experiments where
the contact size is varied were also reported allowing to separate the poroelastic and the viscoelastic response of gels: 8,10,11
indeed, the poroelastic relaxation time is quadratic in the contact radius while the viscoelastic relaxation time is independent
of the contact size.
The relevance of poroelastic indentation experiments to the determination of gel properties was further addressed in the case
of hydrogel layers lying on rigid substrates. Substrate effects
together with the three-dimensional features of stress distribution and solvent flow for low geometric confinements of the
film often motivated the use of finite element simulations. 7,12–14
As discussed by Galli et al 12 , the substrate has a twofold effect
on the time-dependent contact deformation of the gel: on the
one hand, it enhances the hydrostatic pressure and thus the fluid
flux beneath the indenter. On the other hand, it constrains the
fluid flow along the radial direction. The balance between these
competing effects was investigated by Chan and co-workers 13
from numerical simulations where the √
level of confinement of
the layers (as quantified from the ratio Rδ/e, where R is the
radius of the spherical indenter, δ is the indentation depth and
e is the film thickness) was varied. Under imposed indentation depth conditions, the calculations indicate that the poroelastic relaxation time should decrease with increasing geometric confinements. The validity of this contact mechanics description was supported by a set of indentation experiments carried out by the authors using moderately thin (200-1000 µm)
poly(ethylene
glycol)(PEG) hydrogel layers with confinement
√
ratios Rδ/e ranging from 0.1 to 3: a fit of the data to the numerical model is shown to provide consistent, confinement in-

Polymer gel coatings are suitable candidates for widespread applications in different fields such as medicine and biomedical
engineering where their contact mechanical response is a key
issue. Polymer gels consist of a network of cross-linked polymer chains swollen with a solvent. Under deformation, the gel
behaves as an incompressible material at short times as there
is no time for the fluid to flow out of the network. Conversely,
the gel acts as a compressible material at extended times as a
result of fluid flow under the action of the pressure gradient
built up in the fluid phase by the applied stresses. As a consequence, the mechanical response of gels strongly depends on
the critical time- and length- scales involved in these transport
processes. 1–5 Within this context, contact experiments between
bulk hydrogels and rigid probes were investigated as a tool to
determine the elastic properties of gels and the solvent diffusion
kinetics within the gels. for that purpose, a theoretical contact
mechanics analysis of the indentation of a gel was first derived
by Hui et al 6 where the polymer gel is assimilated to an elastic porous medium and solvent flow is driven by the pressure
gradient built up by the applied contact stress. The exact solution derived for the case of a two dimensional Hertz contact
between a rigid cylinder and a bulk gel substrate indicates that
the initial and final forces required to maintain a given contact
size are related to the elastic constants of the network, while the
time dependent relaxation of the load is related to the permeability of the network. Accordingly, indentation experiments of
bulk hydrogels with rigid probes emerged as a suitable method
0a Soft Matter Science and Engineering Laboratory (SIMM), CNRS UMR
7615, UPMC, ESPCI, F-75005 Paris, France
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dependent values of the water diffusion coefficient, shear modulus and average pore size of the hydrogel layer.
In this study, we report on the poroelastic behaviour of thin
(less than 15 µm) hydrogel layers covalently bonded on√a rigid
glass substrate under high contact confinement ratios ( Rδ/e
ranging from about 10 to 40). We focus on the changes in the
poroelastic relaxation time and in the final swelling state of the
layers as a function of the film thickness and contact conditions. We also address the overlooked issue of the changes in
the gel mechanical properties which may arise as a result of the
enhanced drainage of the confined films squeezed under high
pressure between the rigid glass substrates.
For this purpose, different hydrogel networks are considered, namely poly(PEGMA) (poly(ethylene glycol) methyl
ether methacrylate), poly(DMA) (dimethylacrylamide) and
poly(NIPAM) (N-isopropylacrylamide). While poly(PEGMA)
remains in its rubbery state whatever its water content,
poly(NIPAM) networks are known to experience either glass
transition and/or phase separation phenomena 15,16 when their
water content is lowered. Similarly, poly(DMA) in the dry state
has a glass transition temperature (about 110◦ C) well above
room temperature. Indentation experiments using a spherical probe are carried out where the changes in the film thickness under a constant applied load are continuously monitored
from an interferometric method. In addition, time-dependent
changes in the mechanical properties of the hydrogel films during the course of poro-elastic indentation are independently determined using a lateral contact method. In a first part, we derive an approximate poroelastic indentation model for coated
substrates which is valid within the limits of geometrically confined films. This model allows to derive simple scaling relations describing the dependence of the characteristic poroelastic time and the equilibrium indentation depth on film thickness and contact conditions. Its validity is first investigated for
poly(PEGMA) films which are shown to exhibit constant shear
properties whatever their water content. Then, we consider further the poroelastic response of poly(DMA) and poly(NIPAM)
in relation with the observed time dependence of their shear
properties.

presence of oxygen. The problem of ensuring a well controlled
environment during polymerization is circumvented by thiolene click chemistry.
The synthesis of ene-reactive poly(NIPAM) is described in
details elsewhere. 17,18 Briefly, it was carried out in water in two steps: (i) free radical polymerization of acrylic
acid and N-isopropylacrylamide using ammonium persulfate/sodium metabisulfite redox couple as initiator and (ii) enefunctionalization of the copolymer by amide formation using
allylamine in the presence of EDC/NHS couple. The enefunctionalized poly(NIPAM) was then easily purified by dialysis against water and recovered by freeze-drying.
Along the same line, ene-reactive poly(DMA) has been
synthesized by free radical polymerization of acrylic acid
and dimethylacrylamide followed by ene-functionalization in
the same way as for poly(NIPAM). The ene-functionalized
poly(DMA) was also purified by dialysis against water and recovered by freeze-drying.
For the synthesis of ene-reactive poly(PEGMA), free radical
copolymerization of PEGMA (Mn = 300 g/mol) and allyl
methacrylate (AMA) was performed in toluene using azobisisobutyronitrile (AIBN) as initiator. PEGMA was first purified
using an alumina column to remove stabilizer and impurities.
The solution of toluene with AIBN and 20 wt% of PEGMA
and AMA was deoxygenated by bubbling nitrogen for 1 hour
before thermal activation of AIBN initiator. Radical polymerization was allowed to proceed for 24 hours at 70 ◦ C under
nitrogen.
For the purpose of thiol-modification of glass substrates, the
solid substrates were first cleaned in a freshly prepared piranha
(H2 SO4 /H2 O2 ) solution, rinsed and sonicated in Milli-Q water before drying under nitrogen flow. The freshly cleaned
glass substrates were quickly transferred into a sealed reactor
filled with nitrogen where a solution of dry toluene with 3 vol%
of 3-mercaptopropyltrimethoxysilane was introduced. After 3
hours immersion in the silane solution under nitrogen, glass
substrates were rinsed and sonicated in toluene before drying.
Surface-attached hydrogel films were synthesized by simultaneously crosslinking and grafting ene-reactive preformed polymer by thiol-ene reaction. The ene-reactive polymer solution was spin-coated on thiol-modified glass substrates with
dithioerythritol crosslinkers for poly(NIPAM) and poly(DMA)
films and with 2,2’-(ethylenedioxy)diethanethiol crosslinkers
for poly(PEGMA) films (with 30-fold molar excess of dithiol to
ene-reactive copolymer units). The conditions of spin-coating
were fixed with the final angular velocity of 3000 rpm and
the spinning time of 30 seconds. Prior to spin-coating, enefunctionalized poly(NIPAM) and dithioerythritol crosslinkers
are dissolved in a mixture of butanol and methanol (V/V =
1/1) while ene-functionalized poly(DMA) and dithioerythritol are dissolved in dimethylformamide (DMF). The solution
of ene-reactive poly(PEGMA) in toluene was spin-coated as

Materials and methods
Synthesis of surface-attached hydrogel films
Poly(NIPAM), poly(DMA) and poly(PEGMA) hydrogel films
were synthetized by crosslinking and grafting preformed polymer chains through thiol-ene click chemistry. This route
is preferred to conventional one-shot UV curing of acrylate monomers which are simultaneously polymerized and
crosslinked by radical polymerization under controlled atmosphere. Due to high surface to volume ratios, such an UV synthesis of acrylate hydrogel in film form is very sensitive to the
2

it was (without any purification). After spin-coating, polymer films were annealed at 120 ◦ C for at least 16 hours under vacuum to activate thiol-ene reaction. The glass substrates were then rinsed and sonicated in organic solvent (alcohol for poly(NIPAM), DMF for poly(DMA) and toluene for
poly(PEGMA)) and water to remove all free polymer chains
(and for poly(PEGMA) residual monomers, initiators and products from the polymer synthesis). This washing step in solvent
allowed to verify the strength of the covalent bonding between
the polymer chains and the solid substrate.
As reported elsewhere, 17,18 these procedures allow to obtain
homogeneous gel films with well controlled mesh sizes and
strong adhesion with covalent bonds to the glass substrates.
The thickness e0 of the swollen hydrogel layers was deduced
from profilometry measurements of the thickness of the dried
films and from their swelling ratios as they were measured by
ellipsometry in water using thin (less than 1 µm) films .

Figure 1 Schematic of the custom indentation set-up. A spherical
indenter (a) is fixed to a vertical translation stage (b) by means of a
cantilever with two flexible arms (c). During the application of
normal contact loading, a measurement of the deflection of the
cantilever by means of an optical fiber (d) and a reflecting surface (e)
allows to determine the applied normal load on the film (f). Images of
the contact region are recorded with a microscope and a CCD camera
(g) operated with monochromatic (λ = 546 nm) light.

Indentation experiments
φ : n = φnw + (1 − φ)np .

Normal contact experiments were carried out where a rigid
spherical probe (BK7 glass lens with a radius of curvature
of 5.2 or 20.7 mm) is indenting the hydrogel film supported
by a glass slide under an imposed applied normal force. A
schematic of the set-up is shown in Fig. 1. Normal load control is achieved by means of a double cantilever set to a manual
translation stage. The deflection of the blades of the cantilever
is continuously monitored using a high precision optical sensor
(Philtec, Model D25) and a mirror located on the cantilever tip.
It is converted to normal load using the calibrated value of the
cantilever stiffness. At the beginning of the indentation experiments, the desired normal load (between 10 mN and 1 N) is
applied manually within about 1 s using the translation stage.
After this loading step, it was verified that the variation in the
cantilever deflection resulting from the time-dependent changes
in the indentation depth of the poroelastic layer does not induce
any significant drop (less than 5%) of the normal load during
the course of the experiments.
The indentation depth is continuously monitored from optical
interferences measurements in reflection mode. For that purpose, contact visualization under monochromatic illumination
(λ = 546 nm) is achieved by means of an inverted microscope
equipped with a black and white CCD camera (2048x2048
pixels2 , 8 bits) operated at frame rates ranging from 1 to 40 Hz.
The time-dependent light intensity of the interferences fringes
formed between the flat glass substrate and the glass lens allows to determine the changes in the gap between these two
surfaces. The indentation depth δ was taken as the change in
this gap from the onset of contact loading (as detected from the
sharp increase in load signal). The refractive index of the gel
layer n was assumed to be linearly related to the water (nw ) and
polymer (np ) refractive indexes through water volume fraction

Shear measurements
In order to determine the changes in the mechanical properties
of the films during poroelastic indentation, cyclic shear experiments were carried out using a lateral contact method where
a small amplitude cyclic shear loading is superimposed to the
applied static normal load. Provided that the displacement is
kept low enough (i.e. in the sub-micrometer range), the film
can be sheared without significant micro-slip at the contact
interface. In such a situation, the contact lateral response thus
provides a measurement of the rheology of the polymer film
under a constant applied contact load. This method has already
been described and validated elsewhere using a home-made
set-up. 19,20 During each shear cycle, the lateral force and
displacement are continuously recorded in order to get the
complex lateral contact stiffness defined as K ∗ = Q∗ /u,
where Q∗ is the complex lateral force and u the displacement
amplitude at the considered frequency. For the soft hydrogel
films under consideration (modulus in the kPa-MPa range),
the deformation of the glass substrates can be neglected and
the complex viscoelastic shear modulus of the films G∗ is
thus simply given by G∗ = K ∗ e/(πa2 ) where e is the film
thickness and a is the contact radius. Experiments are carried
out using a spherical glass probe with a radius of curvature of
25 mm. The mismatch between the refractive indices of the
water and the swollen hydrogel film was not high enough to
allow for a precise determination of the contact radius in this
set-up. In the case of experiments carried out in immersion,
we therefore only report the measured contact stiffness and
the damping factor tan δ which is independent on the contact
3

geometry. On the other hand, experiments carried out in air where the vertical deformation ǫ(r, t) can be written as follows
with the dry rubbery poly(PEGMA) films allowed to measure
e0 − e
δ(t) − r2 /2R
the contact radius a and thus to determine G′ and G”.
ǫ(r, t) =
=
,
(3)
e0
e0
with δ the indentation depth and R the radius of curvature of the
spherical indenter. According to the mixture theory developed
Confined poroelastic contact model
by Biot 21 , the stress is composed of two parts: one generated
by the hydrostatic pressure of water in the pores and the other
In this section, an approximate contact model is derived to de- induced by the average stress within the polymer network. The
scribe the poroelastic indentation response of hydrogel films normal stress σ within the film thus writes
mechanically confined within contact with spherical probes.
e
σ(r, t) = Eǫ(r,
t) + p ,
(4)
The contact configuration is schematically depicted in Fig.2.
The gel film is assumed to be perfectly bonded to the substrate
e
and the contact between the film and the sphere is considered where p is the hydrostatic pressure within the pores and E is
as frictionless. Both the flat underlying glass substrate and the the uni-axial (or oedometric) compression modulus of the fully
sphere are taken as perfectly rigid bodies. The model is derived drained polymer network given by
within the limits of confined contact geometries, i.e. conditions
e = 2G (1 − ν) ,
(5)
E
where the contact radius √
a is much greater than the film thick1 − 2ν
ness e0 (or equivalently Rδ/e0 >> 1). As a result of such
a mechanical confinement, shear deformation in the gel layer where ν is the Poisson’s ratio of the drained polymer network
is assumed to be negligible, i.e. we only consider vertical dis- and G is its shear modulus. In eq. (4), we have used the conplacement components within the film. Along the same line, vention where a positive pore pressure corresponds to hydrowe assume that film deformation does not expand outside the static tension. It can be noted that the first term in the rhs of
eq. (4) corresponds to the formulation of a Winkler elastic founcontact zone.
The time-dependent poroelastic response of the hydrogel ma- dation model 22 where the oedometric nature of the modulus is
terial is described along the lines of Biot’s theory. 1,21 Accord- accounted for.
ingly, the hydrogel material is treated as a porous continuum Volume conservation of the liquid in the gel film can be written
with the pore pressure as a state variable. The constitutive as
→−
→
∂ǫ −
poroelastic response giving the dependence of strain and fluid
+ ∇. J = 0 ,
(6)
∂t
content on stress and pore pressure is then coupled with Darcy’s
→
−
law for pore fluid transport.
where J is the liquid flux. The radial component of the flux
At time t = 0, a normal indentation force F is instantaneously Jr of the liquid within the porous polymer network is related to
the pressure gradient by Darcy’s law
Jr = −κ

dp
,
dr

(7)

with κ = Dp /η where Dp is the permeability of the polymer
network and η is the viscosity of the solvent. κ is assumed to
be uniform. Due to geometric confinement (e0 << a), lubrication approximation holds and Jr is the only non-vanishing
Figure 2 Schematic of the oedometric sphere indentation of an elastic component of the flux, insertion of eq. (7) in eq. (6) gives


layer lying on a rigid substrate.
∂p
1 ∂
∂ǫ
r
r ≤ a.
(8)
= −κ
∂t
r ∂r
∂r
applied to the swollen gel film of initial thickness e0 . Consid- From eq. (3) and (8), the relationship between indentation rate
ering R >> δ and R >> e0 , the spherical indenter is approx- δ̇ and pressure gradient is expressed as
imated by a parabola. The vertical displacement uz within the


1 ∂
∂p
film can thus be expressed as
δ̇ (t) = −e0 κ
r
,
(9)
r ∂r
∂r
uz (z, r, t) = zǫ(r, t) r ≤ a
(1)
where (˙) stands for time derivative. The above differential
uz (z, r, t) = 0 r > a ,
(2) equation can be solved taking as a boundary condition a zero
4

pore pressure at r = a at all times. The pore pressure profile is
then described by the following parabolic distribution

6

(10)

The applied force F can be derived from the integration of the
normal stress σ(r, t) given by eq. (4)
F =

Z

0

a(t)

drσ2πr = 2π

Z

0

a(t)



drr Ẽǫ + p .

(11)

4
Final indentation
depth δ∞ (µm)


δ̇ 1 2
r − a2 .
e0 4κ

Indentation depth δ (µm)

p(r, t) = −

8

2

√
Substituting eq. (3) and (10) in eq. (11) and using a(t) = Rδ
yields
!
F e0
Rδ̇
2
δ Ẽ +
=
.
(12)
2κ
πR

10
8
6
4
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100
Force (mN)

0
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100
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Figure 3 Measured indentation depth δ of a poly(PEGMA) film

When t → ∞, δ̇ = 0 and the final value of the indentation (swollen thickness: e0 = 9 µm) as a function of time for increasing
applied loads (radius of curvature of the probe: 5.2 mm). Applied
depth is
1/2

loads from bottom to top : 11.5, 32, 40, 94, 140 and 730 mN. Inset :
F e0
.
(13) changes in the equilibrium indentation depth δ ∞ as a function of the
δ∞ =
πRẼ
applied load. Solid lines are guides for the eye.
It can be noted that δ∞ in eq. (13) is unbounded as F increases.
Physically, the maximum achievable indentation depth will obviously be limited by the thickness of the fully drained, dry,
polymer film. Eq. (12) can be rewritten in a non dimensional
form as


˙ =1,
∆2 1 + τ ∆
(14)

transition is expected to occur during the course of poroelastic drainage. Fig. 3 shows a typical example of the measured
time dependence of indentation kinetics under increasing applied normal loads for a water swollen film of thickness 9µm in
contact with a glass probe of radius 5.2 mm. Within a few tens
of seconds, the indentation depth progressively reaches a limiting value
√ δ∞ corresponding to highly confined contact conditions ( Rδ∞ /e0 >> 10). As expected, the final indentation
depth increases with the applied load as more and more water
is expelled from the hydrogel film. However, inset in Fig. 3
indicates that δ∞ saturates at a maximum value δmax of about
7 µm when the applied normal load is increased. This maximum value of the indentation depth can be compared to the
indentation depth δdry which would correspond to a complete
drying of the films during the course of poroelastic indentation.
A lower bound of δdry which neglects the indentation depth of
the film in the drained state can simply be expressed in the form

where ∆ = δ/δ∞ and τ is the characteristic poroelastic time
defined by
1/2

η
Re0 F
τ=
.
(15)
2Dp π Ẽ 3

The differential equation (14) can be integrated with T = τt
yielding


1
1+∆
T = −∆ + Log
.
(16)
2
1−∆

At short times, i.e. when ∆ << 1, the time dependence of
the normalized indentation depth obeys asymptotically a power
law:
∆ ∼ T 1/3 ,
(17)

δdry = e0 − edry = edry (S − 1)

while at long times it can be approximated by

(19)

where e0 and edry are the initial and dry film thickness, respec(18) tively and S is the film swelling ratio. For the film thickness
considered in Fig. 3, this calculation yields δdry = 5.7 µm, i.e.
a value less than the measured value of δmax . Taking into acPoroelastic response of poly(PEGMA) count that δdry corresponds to a lower bound
which does not
account for the indentation of the fully dried film, this result
films
indicates that the maximum value of the indentation depth of
We first consider the indentation response of poly(PEGMA) the poly(PEGMA) film corresponds to a fully drained state of
films for which neither glass transition nor phase separation the polymer network. The glass probe is even found to indent
∆ ∼ 1 − e−2T ,

5

correspond to the maximum indentation depths δdry calculated
from eq. (19) for the two film thicknesses under consideration.
The measured maximum values of the indentation depth under the highest values of F e0 /R are slightly above these limits,
thus indicating a fully drained state of the film. Consistently
with the theoretical prediction (eq. (13)), all the data verifying
δ∞ < δmax follow a power law dependence on F e0 /R with an
exponent (α = 0.44 ± 0.09) very close to the theoretical value
(α = 0.5, cf eq. (13)).
In order to obtain the characteristic poroelastic time τ , indentation kinetics were also systematically fitted using eq. (16)
with τ and δ∞ as fitting parameters. Some examples of the
resulting fits have been reported in a non dimensional form
in the log-log plot in Fig. 5. This figure as well as the inset shows that experimental data collected with two different
thicknesses e0 , varied radii of curvature and applied loads all
fall on a single master curve. It therefore emerges that our apFigure 4 Equilibrium indentation depth δ∞ versus reduced applied
proximate contact model is able to predict accurately the inload F e0 /R for poly(PEGMA) films. Horizontal dashed lines
dentation kinetics of poly(PEGMA) films over the considered
corresponds to the calculated (eq. (19)) maximum indentation depth
range of film thickness and contact conditions. The characterisδdry for e0 = 5 µm (lower) and e0 = 9 µm (upper). For probe radius
tic times τ extracted from the fits are reported in a log-log plot
R = 20.7 mm: () e0 = 5 µm, () e0 = 9 µm; for probe radius
as
a function of F e0 R in Fig. 6. As expected from eq. (15),
R = 5.2 mm: (◦) e0 = 5 µm, (•) e0 = 9 µm. The solid line
they
obey a power law dependence on F e0 R with an exponent
corresponds to a power law fit (with the exponent α = 0.44 ± 0.09)
β = 0.52 ± 0.06 which is very close to the theoretical predicof the all data points verifying δ∞ < δdry .
tion of 0.5.
The poroelastic model is therefore found to hold for the rubbery poly(PEGMA) films. In the next section, its validity is
further investigated for two other polymer film systems that
the rubbery dry polymer.
Separate lateral contact experiments were carried out in or- undergo transitions when their water content is lowered below
der to investigate potential changes in the shear properties of some limits which is discussed.
the drained poly(PEGMA) films. Preliminary measurements
in air using dry films yielded a value of 60 kPa for the storage shear modulus which is consistent with previously reported Poroelastic response of poly(NIPAM) and
bulk values of similar poly(PEGMA) networks. 13,23 No sig- poly(DMA) films
nificant change in the measured lateral contact stiffness of
poly(PEGMA) films was found to occur during the course of Fig. 7 shows the measured value of δ∞ as a function of F e0 /R
poroelastic indentation of fully immersed contacts, even under for a poly(DMA) film 4.5 µm in thickness in contact with two
the highest contact loads where δ∞ = δmax (results not shown). different spherical probes (R = 5.2 and 20.7 mm). As for
From this observation it can be concluded that the shear mod- poly(PEGMA) films, the maximum values δmax of the meaulus of the poly(PEGMA) film remains constant whatever its sured indentation depths are slightly above the calculated δdry
water content. Such behaviour is consistent with the fact that value (horizontal dashed line in Fig. 7), thus indicating a nearly
no glass transition or phase separation of the poly(PEGMA) fully dried state of the film under the highest loads. However, a
network is expected to occur when the swollen hydrogel net- departure from the power law dependence can be noted for δ∞
work is dried out. It also complies with the hypothesis of a values about half of the measured maximum indentation depth.
constant shear modulus G of the network which is embedded
Interestingly, lateral contact stiffness measurements carried
in our contact model.
out in the domain where δ∞ data deviate from the expected
The validity of the indentation model for poly(PEGMA) films power law dependence reveal the occurrence of strong changes
was further examined from a systematic investigation of the in the mechanical properties of the films. Fig. 8 illustrates the
equilibrium indentation values δ∞ as a function of film thick- time dependence of the in-phase lateral contact stiffness K ′ and
ness e0 , probe radius R and applied load F . As suggested by in the damping factor tan δ for increasing applied loads correeq. (13), experimental δ∞ values have been reported in Fig. 4 sponding to F e0 /R values in the range 0.9 10−4 - 7.6 10−4 .
as a function of F e0 /R. In this figure, horizontal dashed lines Within this domain, increasing the contact load results in a
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β = 0.52 ± 0.06.
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where T gw and T gp are respectively the glass transition of water (-137◦C) and poly(DMA) (107◦ C as measured using Differential Scanning Calorimetry) and w is the weight fraction
of water. Following this approach, the glass transition of the
water/poly(DMA) system is expected to occur at room temperature for a water volume fraction of φg = 16 vol% which, as
indicated by the horizontal blue line in Fig. 7, corresponds to
an indentation depth of about 2.7 µm. This indentation depth
lies in the range where both a departure from the power law dependence of δ∞ on F e0 /R (Fig. 7) and an increase in the shear
stiffness of the film (Fig. 8) are observed. These observations
support the hypothesis of a poroelastic indentation depth limited by the glass transition of the water plasticized poly(DMA)
gel.
When the poroelastic response of poly(NIPAM) films is
considered, one of the most striking difference with both
poly(PEGMA) and poly(DMA) films is that the measured values of the maximum indentation depth are well below the computed indentation depth which would correspond to a fully
drained state i.e. φ ∼ 0. As indicated by the blue areas in Fig. 9, the measured maximum indentation depths for
e0 = 5.9 and 11.5 µm correspond to water volume fractions of
φ = 0.50 ± 0.05 and φ = 0.40 ± 0.05, respectively. The films
are thus far to be fully drained even under the highest loads.
In addition, lateral contact experiments under a normal load of
2 N for a film 4.8 µm in thickness (i.e. F e0 /R = 3.9 10−4 N)
show a clear transition in the shear properties of the film during
the course of poroelastic indentation (Fig. 10) with a damping
peak and a nearly one order of magnitude increase in the contact stiffness K ′ . The maximum in tan δ occurs at t = 40 s
which lies within the time scale of poroelastic indentation experiments carried out under similar contact conditions.
As for poly(DMA) films, one could tentatively attribute these
changes in shear properties to the glass transition of the water
plasticized poly(NIPAM) polymer. At an ambient temperature
of 25◦ C, the water volume fraction φg can be equivalently estimated either using Fox equation (eqn (20)) with T gp = 130◦C
for poly(NIPAM)): φg = 18 vol%, or from the literature, where
experimental values were obtained from Differential Scanning
Calorimetry (DSC) measurements: φg = 18 vol% measured
at 22◦ C by Afroze et al 25 for linear poly(NIPAM). Such a φg
value is much less than the measured minimum water volume
fraction within the indented films (φ ∼ 0.4-0.5) as indicated in
Fig. 9, thus allowing us to discard the hypothesis of an indentation depth limited by the glass transition of the network.
Alternately, the observed changes in shear properties could be
attributed to the widely reported phase separation or demixing
transition of poly(NIPAM) systems. 26,27 Poly(NIPAM)/water
mixtures are known to exhibit solubility that depends both on
the water content and on the temperature. The phase separation
behavior is often associated to a coil-to-globule transition of
the polymer chains under the action of hydrogen bonding and
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Figure 8 (Color online) In-phase lateral contact stiffness K ′ (top)
and damping factor tan δ (bottom) versus time for a poly(DMA) film
of thickness e0 = 4.7 µm. Applied load F : (black) 1 N; (green) 2 N;
(blue) 3 N; (red) 4 N.

time-dependent increase in K ′ up to nearly one order in magnitude. At the same time, tan δ is also increasing, even showing a
peak at the highest load (4 N). The time scale of these changes
in the shear properties is reduced when the load is increased.
It is also found to correspond to the characteristic poroelastic
times measured during indentation experiments under similar
contact conditions.
These observations can be attributed to the fact that the water plasticized poly(DMA) film is progressively reaching its
glass transition domain as the water is expelled out. According to Fox equation 24 , the glass transition temperature of the
water/polymer mixture T gwp can be expressed as
1−w
w
1
=
+
T gwp
T gp
T gw

(20)
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Figure 10 (Color online) In-phase lateral contact stiffness K ′ (red)
and damping factor tan δ (blue) versus time for a poly(NIPAM) film
of thickness e0 = 4.8 µm (applied laod: 2 N).
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Figure 9 Equilibrium indentation depth δ∞ versus reduced applied
load F e0 /R for poly(NIPAM) films. Probe radius R = 5.2 mm:
(◦) e0 = 5.9 µm; (•) e0 = 11.5 µm. R = 20.7 mm:
() e0 = 5.9 µm; () e0 = 11.5 µm. The solid line corresponds to a
power law fit (exponent α = 0.33 ± 0.02) of the data points verifying
δ∞ < δmax where δmax is the measured maximum value of the
indentation depth. Blue areas delimit indentation depths
corresponding to water volume fractions of φ = 0.40 ± 0.05 (lower,
e0 = 5.9µm) and φ = 0.50 ± 0.05 (upper, e0 = 11.5µm).

therefore emphasize that no macroscopic phase separation occurs during the measurement period.
On the other hand, changes in the elastic term in the free energy
of swollen polymer networks also modify the poly(NIPAM)
phase behavior. Indeed, the phase separation behavior of
poly(NIPAM) is also known to be influenced by mechanical
stresses. Various studies report on volume-phase transition of
N-isopropylacrylamide induced at 20◦ C by hydrostatic pressure. 29,30 However, such a pressure-induced transition is not
likely to occur in our experiments as it involves hydrostatic
pressures (about 200 MPa at 25◦ C) one order of magnitude
higher than the contact pressures under consideration (no more
than 10 MPa). More interestingly, stretching is known to induce
an increase in the LCST of poly(NIPAM)/water networks. 31,32
Conversely, a decrease in the LCST could be anticipated under the action of a compressive stress. Finally, as reported by
Ilavsky, 33 the phase transition of acrylamide gels can result in a
one order of magnitude increase in the shear modulus which is
consistent with the present K ′ measurements for poly(NIPAM)
gels.
As schematically depicted in Fig. 11, a possible explanation for
the observed poroelastic indentation behavior of poly(NIPAM)
networks at ambiant temperature (25◦ C) would be that, in
a temperature-composition phase diagram, the swollen network approaches the critical point or even crosses the demixing boundary (shown as a blue line based on the data by Van
Durme et al) 28 as water is expelled out and so, before the glass
transition boundary (red line in Fig. 11). Such an hypothesis
could account for the observation that the measured increase in
shear properties and the associated limitation in δ∞ occur at a

hydrophobic interactions. 16 It is characterized by a lower critical solution temperature (LCST) which reported value 15 varies
between 24◦ C and 28◦ C depending on investigators and a
critical water volume fraction of 60±5 vol%. These critical
temperature and composition are reported to be independent of
the polymer molar mass and are unchanged for a polymer network. 25,28
For a network of cross-linked poly(NIPAM), the swelling at
equilibrium results from a balance between the mixing free energy and the elastic contribution of the polymer network. The
former term depends on the solubility parameter. Its dependence with composition and temperature is believed to result
in the existence of a three phase equilibrium between pure solvent, a dilute, and a concentrated network phase, the latter two
phases remaining mixed at small scale within a given range of
temperature and composition. 25 It further leads to a macroscopic volume transition reported at temperatures above 3235◦ C for which bulk gels of poly(NIPAM) abruptly collapse. 26
If such a macroscopic transition was to happen in our case, a
sharp increase in the indentation depth would be observed. We
9

water volume fraction φ ∼0.4 to 0.5 well above φg , in the range
where demixing has been observed in the literature.
Our experimental results suggest that under isothermal conditions, expelling water out of the poly(NIPAM) network causes
an arrested demixing transition at a molecular scale, without a
macroscopic phase separation during the measurement period.
Although poorly understood, the occurrence of such arrested
demixing is reported in the recent review by Halperin et al 15
where it is tentatively attributed to the formation of long-lived
particles denoted as mesoglobules.
As a summary, it emerges that both the poly(DMA) and
poly(NIPAM) confined films can experience strong changes in
their shear properties during the course of poroelastic indentation as result of either glass transition or phase separation phenomena. These transitions result in deviations from the theoretical predictions of the equilibrium indentation depth as a
function of film thickness and contact conditions. The magnitude of the changes in the shear properties clearly precludes any
attempt to apply the above developed poroelastic indentation
model which relies on the assumption that the shear modulus
does not evolve during drainage. A complete description of the
indentation behaviour of confined gel films in such situations
would deserve further theoretical treatments which are beyond
the scope of this study.
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Figure 11 (Color on line) Schematic of the temperature composition
phase diagram of the poly(NIPAM)/water system showing both the
glass transition (red line, as predicted from eq. (20)) and the phase
separation (blue line, taken from data reported by Van Durme et al 28
boundaries. The black arrow corresponds to the hypothetical path
followed by confined films during poroelastic indentation.

fer in their physical properties in the dry state. While the dry
poly(PEGMA) network is rubbery at room temperature, both
poly(DMA) and poly(NIPAM) networks are glassy polymers
in the dry state. In addition, poly(NIPAM) is also known to experience a demixing transition (LCST) under the action of temperature, composition or pressure changes. In the case of the
poly(PEGMA) films, we have shown that the enhanced contact
pressures which result from the geometrical confinement of the
films can induce a complete drainage of the network down to
a vanishing water content. Even under such large variations
in water content, no significant changes in the shear properties of the films are evidenced from lateral contact stiffness
measurements. The indentation kinetics can be satisfactorily
described over the whole range of contact conditions and film
thickness using an analytical poroelastic contact model developed within the limits of geometrical confinement. This approximate model allows to predict the equilibrium indentation
depth and the poroelastic time in the form of simple scaling
laws of contact parameters and film thickness, with the network properties (permeability, shear modulus, Poisson’s ratio)
and the fluid viscosity as parameters.
Conversely, deviations from this model are evidenced for
poly(DMA) and poly(NIPAM) system for which the maximum
achievable indentation depth is strongly reduced: drainage is
found to be blocked below some threshold in the water volume
fraction which, on the other hand, corresponds to a one order of
magnitude increase in the shear properties of both poly(DMA)
and poly(NIPAM) films. In the case of poly(DMA) system, this
threshold is found to be associated with the glass transition of
the water plasticized polymer network. For poly(NIPAM), it
turns out the observed transition is rather related to an arrested
demixing transition inducing a phase separation at molecular
scale.
These results emphasize the necessity of carefully considering
the details of physical chemistry of hydrogel networks under
such confined contact conditions or whenever the water content
is reduced enough for drastic changes in the polymer network to
happen, a point often overlooked in the literature. Further implications may be expected regarding the frictional properties
of thin hydrogel films which could exhibit similar transitions
depending on the residence time within sliding contacts.
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In this work, we have investigated the poroelastic indentation behavior of hydrogel thin films (less than 15 µm) mechanically confined between rigid glass substrates. Different
types of polymer networks have been considered which dif-

One of us (J. Delavoipière) is indebted to Ekkachai Martwong
for his kind support during the synthesis of the hydrogels systems. The authors also wish to thank C.-Y. Hui for stimulating
discussions.

10

REFERENCES

REFERENCES

References

[19] E. Gacoin, A. Chateauminois and C. Fretigny, Tribology
Letters, 2006, 21, 245–252.

[1] M. Biot, Journal of Applied Physics, 1941, 12, 155–164.
[2] Y. Hu and Z. Suo, Acta Mechanica Solida Sinica, 2012,
25, 441–458.

[20] E. Janiaud, A. Chateauminois and C. Fretigny, Journal of
Polymer Science B: Polymer Physics, 2011, 49, 599–610.

[21] M. Biot, Journal of Applied Physics, 1955, 26, 182–185.
[3] J. Rice and M. Cleary, Reviews of Geophysics and Space
[22] K. Johnson, Contact Mechanics, Cambridge University
Physics, 1976, 14, 227–241.
Press, Cambridge, 1985.
[4] H. Wang, Theory of Linear Poroelasticity with Applications to Geomechanics and Hydrogeology, Princeton Uni- [23] S. Bryan and K. Anseth, Biomaterials, 2001, 22, 619–
626.
versity Press, 2000.
[5] C.-Y. Hui and V. Muralidharan, Journal of Chemical [24] T. Fox, Bulletin of the American Physical Society, 1956,
Physics, 2005, 123, 154905.
1, 123–125.
[6] C.-Y. Hui, Y. Lin, C. F-C., K. Shull and W.-C. Lin, Jour- [25] F. Afroze, E. Nies and H. Berghmans, Journal of Molecnal of Polymer Science: Part B: Polymer Physics, 2006,
ular Structures, 2000, 554, 55–68.
43, 359–369.
[26] M. Shibayama and T. Tanaka, in Responsive Gels: Vol[7] E. Chan, B. Deeyaa, P. Johnson and C. Stafford, Soft Matume Transition I, ed. K. Dusek, Springer-Verlag, Berlin,
ter, 2012, 8, 8234–8240.
1993, vol. 109, ch. Volume phase transition and related
phenomena of polymer gels, pp. 1–62.
[8] Y. Hu, X. Zhao, J. Vlassak and Z. Suo, Applied Physics
Letters, 2010, 96, 121904.
[27] S. Cai and Z. Suo, Journal of the Mechanics and Physics
of Solids, 2011, 59, 2259–2278.
[9] W.-C. Lin, K. Schull, C.-Y. Hui and Y.-Y. Lin, Journal of
Chemical Physics, 2007, 127, 094906.
[28] K. V. Durme, G. V. Assche and B. V. Mele, Macromolecules, 2004, 37, 9596–9605.
[10] M. Galli, E. Fornasiere, J. Cugnoni and M. Oyen, Journal of the Mechanical Behavior of Biomedical Materials,
2011, 4, 610–617.

[29] E. Kato, Journal of Chemical Physics, 1997, 106, 3792–
3797.

[11] D. Strange, T. Fletcher, K. Tonsomboon, H. Brawn, [30] I. Nasimova, T. Karino, S. Okabe, M. Nagao and
X. Zhao and M. Oyen, Applied Physics Letters, 2013,
M. Shibayama, Journal of Chemical Physics, 2004, 121,
102, 031913.
9708–9715.
[12] M. Galli and M. Oyen, Applied Physics Letters, 2008, 93, [31] A. Suzuki, K. Sanda and Y. Omori, Journal of Chemical
031911.
Physics, 1997, 107, 5179–5185.
[13] E. Chan, Y. Hu, P. Johnson, Z. Suo and C. Stafford, Soft
[32] A. Suzuki and S. Kojima, Journal of Chemical Physics,
Matter, 2012, 8, 1492–1498.
1994, 101, 10003–10007.
[14] Y. Hu, E. Chan, J. Vlassak and Z. Suo, Journal of Applied
[33] M. Ilavsky, in Responsive Gels: Volume Transitions I, ed.
Physics, 2011, 110, 086103.
K. Dusek, Springer-Verlag, Berlin, 1993, vol. 109, ch. Effect of phase transition on swelling and mechanical be[15] A. Halperin, M. Krger and F. Winnik, Angewandte
havior of synthetic hydrogels, pp. 173–206.
Chemie International Edition, 2015, 54, 15342–15367.
[16] H. Schild, Progress in Polymer Science, 1992, 17, 163–
249.
[17] B. Chollet, M. Li, E. Martwong, B. Bresson, C. Fretigny,
P. Tabeling and Y. Tran, ACS Applied Materials and Interfaces, 2016, 8, 1172911738.
[18] M. Li, B. Bresson, C. Fretigny, F. Cousin and Y. Tran,
Langmuir, 2015, 31, 11516–11524.
11

