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Introduction






Soft and squishy matter is ubiquitous in nature at many size scales. Some emblem-
atic examples are living systems, such as bacteria and sea sponges, while others are inert
matter such as clay and mud. Others examples are found in common man-made objects,
such as dish sponges, or even in complex synthetic materials, such as foams or polymeric
networks. Examples are illustrated in Fig. 1. From a physicist’s point of view, such sys-
tems are poroelastic materials. They have the abilities to deform and recover their initial
shape as a signature of elasticity, to absorb a solvent and to host fluid flows as a signature
of porosity. From this perspective, reticulated polymer hydrogels are fascinating systems
that exhibit particularly well a poroelastic signature. In particular, the ability of poly-N-
isopropylacrylamide (PNIPAM) to swell by a factor 4 in water at room temperature [1]
has been largely exploited in science. The resulting hydrogel exhibits a transition in
temperature, from a hydrophilic behavior at room temperature to a hydrophobic one for
higher temperatures. When grafted on a substrate , the latter temperature-responsive
polymer has found applications in the design of microfluidic valves , , in biomedical
fields such as single-cell trapping [5] for medical analysis, or drug delivery [6], and finally
in cellular culture , exploiting PNIPAM bio-compatibility.

Despite the increasing interest for polymer hydrogels and their scientific applica-
tions, their fundamental mechanical behavior still constitutes a partly covered subject
in the literature. The first works on poroelastic matter were conducted by Biot ,
in the context of soil sedimentation mechanics. While the effects of viscoelasticity
have been recently under investigation, poroelasticity remains to address in more
detail . The intrinsic complexity of these types of composite materials gener-
ates poroelastic and/or elastohydrodynamic couplings, thus, their mechanical response
depends on their interaction with the environment. Moreover, polymer hydrogels are
formed upon swelling, and constitute a mixture of different species characterized by cer-
tain affinities . If the mechanics of swelling has been addressed for polymer gels
21], and the one of drying is well documented for complex liquid droplets [22-25] and
films , the literature on gel-deswelling mechanics is less present. Furthermore,
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FIG. 1. Examples of soft and porous systems. A picture of cracked mud in Ireland;
Bob the sponge, dish sponges; a drawing of a human brain; a SEM picture of a polymer
network; sea sponges; a SEM picture of a synthetic foam. The SEM picture of the
polymer network was originally published in B/



the swelling-deswelling process presents asymmetric aspects |19} 20, [30].

In the present thesis, we study both theoretically and experimentally the mechanical
behavior of poroelastic materials when immersed into a solvent. The manuscript is
organized as follows. A first preliminary Chapter presents the overall context of the
thesis, from basics of fluid mechanics, continuum mechanics and polymer physics up
to the specific scientific background of this work. In the second Chapter, we report
elastic instabilities that can occur at the surface of hydrogels upon swelling and drying.
We exhibit a new morphology that is not reported in the literature, to the best of
our knowledge. In the third Chapter, we establish the theoretical background of the
poroelastic mechanical response to a point force. We compute the resulting deformation
profile over time for a permeable poroelastic medium, both in the semi-infinite and the
finite-thickness cases. In the fourth Chapter, we apply the latter theory to the case of
a gel gently indented by an oscillating sphere in lubrication conditions. We compare
our theoretical results to preliminary experiments performed on a PNIPAM hydrogel
with an Atomic Force Microscopy (AFM) based system. We show that such types
of experimental setups are well-designed to probe fragile and soft materials in a non-
contact mode without risk to damage the sample. However the porosity of the swollen
hydrogel appears as a subtle feature of the mechanical response, and can be described
as an effective compressibility. The last Chapter is dedicated to the investigation of
PNIPAM hydrogel thin films by Surface Forces Apparatus (SFA) in approach mode. We
highlight several regimes of mechanical response, from a small-deformation regime to
the dehydration-induced glass transition of the indented polymer film. Overall, we show
through different situations that the poroelastic response is characterized by a transition
from the behavior of a purely elastic and incompressible material to the one of a purely
elastic and compressible material.






Chapter 1

General introduction and
concepts

In this preliminary Chapter, we introduce first the basic concepts of continuum mechan-
ics, fluid mechanics and polymer physics that we will use in the thesis. Then, in Sec. 1.5
we highlight the specific scientific context that led to the work reported in the thesis.

1.1 Flows in confined environments

1.1.1 Poiseuille flows

Fluid mechanics describes how fluids are transported in various contexts. The funda-
mental theory to describe such ubiquitous phenomena was developed between 1820 and
1850 by Claude-Louis Navier and Georges Gabriel Stokes. They gave their names to
the so-called Navier-Stokes equations, which express the mass conservation and the mo-
mentum balance, for Newtonian fluids [31]. Let us consider such a fluid, of dynamic
viscosity 1 and density p. The Navier-Stokes equations are partial differential equations
on the pressure and velocity fields p and v, respectively. By denoting the time ¢, the
Navier-Stokes equations are expressed in an Eulerian system of coordinates (z,v, 2), as:

op

5 TV (pv) =0, (1.1a)
p {Z—FU'V(’U)] = -Vp+1nV3v+ f, (1.1b)

with f the external volumic forces, such as gravity: f = pg. The Navier-Stokes equations
may be applied for instance to a compressible fluid, such as ambient air, which defines
the domain of aerodynamics. Or, for instance, the Navier-Stokes equations can be used
to describe incompressible fluids, such as water, which is the case in this thesis. When
the fluid is incompressible, the fluid density p is constant. Thus, the mass conservation
reads:

V-v=0. (1.2)

A common practice in fluid mechanics is to introduce dimensionless quantities, that
compare different terms of the Navier-Stokes equations. The Reynolds number compares
the inertia term with the viscous stress term [32]. We introduce a typical scale of flow
velocity Vp and a typical length scale Hy over which the velocity varies. The Reynolds
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FIG. 1.1. Poiseuille velocity profiles in a pipe. (a): A fluid flows in a straight pipe
of length L and height h in between two rigid boundaries, driven by an extra pressure
applied at the entrance of the pipe. The resulting velocity profile is parabolic, and called
a Poiseuille profile. (b): A thin liquid film flows over a rigid boundary, squeezed towards
it by an object. The height profile of the film is denoted h(xz,t). The same velocity
Poiseuille profile can be observed in the film.

number is defined as:

ol V@)

R 1.3

IR (1:30)
VoH

:%. (1.3b)

The value of the Reynolds number predicts the flow regime: for small Re, the flow is
dominated by viscous forces, while for large Re, the flow is dominated by fluid inertia.
However, the transition value depends on the geometry and the fluid density. The so-
called transition to turbulence is still a research area today.

To describe flows in confined geometries, in the present thesis, we work with small
values of the Reynolds number, in the range Re = 10710 — 1075. Thus, we neglect
the convective term. Let us introduce a simplified geometry that is representative of
the fluid mechanics problems encountered in this thesis. We consider a two-dimensional
straight pipe, of length L and height h, at the entrance of which a constant extra
pressure is applied, as schematized in Fig. 1.1(a). The velocity field rapidly reaches a
steady state, thus the temporal derivative of the velocity field can be neglected. In the
absence of external body forces, the incompressible Navier-Stokes equations reduce to
the incompressible Stokes equations:

V.v=0. (1.4a)
~Vp + 1V =0. (1.4b)

In this situation, the vertical component of the velocity field is null, thus v = v,e,. The
incompressible Stokes equations (1.4) become then:

881;:; =0, (1.5a)
Op 0%v,

87:1) =0 az2 s (15b)
% =0. (1.5¢)

Thus, the mass conservation and the momentum balance equations, respectively Eqs. 1.4a
and (1.4b), impose that the velocity v, is a constant along the horizontal direction =,
and that the pressure field p is a constant along the vertical direction z, respectively, as
shown by Egs. (1.5a) and (1.5c). Then, the velocity profile v,(z) can be computed by
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solving Eq. (1.5b)). In the simple situation presented here, we assume that the fluid does
not slip on the rigid walls, which reads:

vy(2 =0) =vy(z = h) =0. (1.6)

We note that taking into account slippage at the walls may be relevant in more complex
situations, such as flows of polymer solutions [33-35] or flows on hydrophobic surfaces [36,
37]. Here, the chosen no-slip boundary condition leads to the computation of a parabolic

velocity profile, as:
1 Op
= —— —h), 1.7
ve(2) = 5 5Pa (2= h) (1.7)
also known as Poiseuille velocity profile [38], that is often encountered in fluid mechanics
problems at low Reynolds number [39]. For instance, in microfluidics the flows are
contained into micrometric-to-millimetric channels, and are pressure-driven [40-44]: they
are described by such a velocity profile. Besides, we stress that these techniques have
found many applications over the past decades, from single-cell analysis |5, 45-47] to
particle tracking [48-50], passing through medical diagnosis [51, 52]. In this thesis, we
specifically study viscous flows that are confined in thin films.

1.1.2 Thin-film equation

The description of the fluid flow inside a thin film of liquid is similar to the one inside
a straight pipe that we detailed before. As schematized in Fig. 1.1(b), we consider
that a liquid film of thickness h is flowing onto a rigid boundary, yet the upper rigid
boundary may move slowly, have a less trivial shape. Stokes equations as given in
Eqs. (1.4) hold. We then introduce a hypothesis, which is that the vertical length scale
is small compared to the horizontal one: Hy < Lg. The latter hypothesis is called the
lubrication condition [32], and implies that the vertical component of the velocity field
is small compared to the horizontal one: v, < v,. Thus, at leading order in Hy/Ly,
Stokes equations reduce to the same system of equations as for the Poiseuille flow, given
in Egs. (1.5). Then, the parabolic Poiseuille profile given in Eq. (1.7) is a solution for
the velocity field. Now, when describing liquid thin films, a quantity of interest is the
height profile of the film, h(x), that can evolve along the xz-axis. We then introduce the
volumetric flux in the z direction, as :

[l Op, 5

l h(zx)
Qx:/o dy/o 4z04(2) = ~ 5 0 H (), (1.8)

where [ is a length along the third direction of space, y, on which the system is invariant.
Similarly, we introduce the volumetric flux in the z direction, that corresponds to the
time derivative of the film thickness, integrated over the upper surface of the film, as:

L l L 1 L
Q. :/ dm/ dyv.(z) :/ dzx / dy% :l/ dx@, (1.9)
0 0 0 0 ot 0 ot

with L a horizontal length along which the film is flowing. Invoking the flux conservation
for an incompressible liquid, the outgoing flux should equal the incoming one. Finally,
we derive the thin-film equation [32, 53| 54], as:

oh 1 9 [hgap].

Oz ox

- 1.1
ot 12n0x (1.10)

The thin-film equation is largely used to describe lubricated contacts and squeezed
flows [55H57], from industrial applications to the modeling of landslides and faults in
geophysics |58, |59], through droplet generation and trapping in microfluidics [60H63].
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FIG. 1.2. A spherical particle submitted to Stokes drag. (a): A particle of radius
R is moving at a velocity V' in a viscous fluid. The stream lines are drawn. (b): A
particle of radius R is moving at a velocity V' towards a rigid boundary. The distance
to the wall is denoted h.

1.1.3 Stokes drag

Let us now consider a spherical particle of radius R that is moving in a viscous and
incompressible fluid, at velocity V', as schematized in Fig. |1.2(a). The motion of the
particle forces the surrounding fluid to bypass it, and the fluid resists, as a result of
viscous stresses. Therefore, a drag force is applied by the fluid onto the particle. From
Stokes equations [1.4) the so-called Stokes drag is computed in the frame of the particle,
and reads:

Fsiokes = —6mRV. (1.11)

For a detailed demonstration, the reader can refer to a classical fluid mechanics book
. The latter force should be taken into account whenever a no-slip rigid sphere
is in motion in a Newtonian fluid, when viscosity dominates over fluid inertia .
Furthermore, when the spherical particle approaches normally a flat rigid boundary, as
schematized in Fig. 1.2(b), a region of fluid becomes squeezed in between the sphere and
the walls. The escaping fluid is sheared between the particle and the wall. Therefore
the drag force is modified , and its vertical component reads:

R2
FStokes,conﬁned = _677777‘/ for h < R, (112)

with A the distance from the bottom of the approaching sphere to the rigid wall. Finally,
several works have so far investigated how the Stokes drag is modified when more complex
physical effects are introduced, for instance by taking into account memory effects

, slippage , or for particles with a more complex shape .

1.1.4 Womersley number

We now consider that a sphere is immersed in a viscous fluid and has an oscillating
motion, at an angular frequency w. We can still consider that the Reynolds number is
small, and then neglect in the Navier-Stokes equation the advection term pv - V (v).
Yet, the time-derivative term in Navier-Stokes equations, pd,v is not zero any longer.
The typical velocity scale of the sphere is again denoted Vj and the typical length scale
of velocity variation is denoted Hy. We introduce the Womersley number Wo, that was
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originally introduced in the context of medical science, to study the pulsatile blood flow
inside arteries [72, |73]. The Womersley number is defined by taking the square root of
the ratio between the time-derivative term and the viscous term, as:

pllowl|
Wo ~ | LNl 1.13a
V2] (1.132)
pVow pw
= |2~ Hy [ 1.13b
Vo/HE TV ( )

where \/n/(pw) is the viscous penetration depth. Thus, the Womersley number com-
pares the typical length scale of velocity variation Hy, to the viscous penetration depth.
For low-Reynolds number unsteady problems, one should estimate the Womersley num-
ber, additionally to the Reynolds number. In the present thesis, we work with small
Womersley numbers, in the range Wo = 1074 — 1072, When the Womersley number is
small, the time-derivative term of inertia pd;v can be neglected and the velocity field is
considered to have reached a steady state.

1.2 Diffusion

1.2.1 Diffusion equation

If a drop of ink is dropped in a glass of water, one observes that the ink gradually spreads
in the entire volume of water while the color fades at the same time. This phenomenon
is called diffusion: the ink progressively diffuses in water. Diffusion happens for a drop
of liquid in any miscible liquid as it would in gaseous media, and even for instance,
for water penetrating a solid and hydrophilic medium as shown further in this thesis.
Historically, the modern concept of diffusion was first described by the phenomenological
Fick’s law [74], which states that the diffusive transport of matter is oriented towards
the lowest concentration. The mathematical form of Fick’s law reads:

J=-DVc, (1.14)

with J the diffusive flux of matter and ¢ the concentration. The diffusion coefficient
D quantifies the area explored by diffusion by unit of time. Moreover, the continuity
equation given in Eq. (1.1a) ensures the conservation of matter, as:

Oc
— -J =0. 1.1
5 TV T =0 (1.15)

Thus, a local variation of concentration with time is linked to a transport of matter.
If additionally the diffusion coefficient D is constant with the concentration ¢, the two
previous equations (1.14) and (1.15) lead to tho following linear diffusion equation:

gi =DVZc. (1.16)

In the present paragraph, we established a diffusion equation for a concentration field.
More generally, diffusive phenomena are encountered in many situations and for various
fields (e.g. temperature), and obey to the same equation.

10
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1.2.2 Resolution with a Green’s function

In this subsection, we introduce the main ingredients of the classical path that is used
to solve the diffusion equation written in Eq. (1.16). We take the opportunity of solving
a simple standard diffusion equation to present the calculation method, whose scope
is much more general. This method can be used to solve more complex systems of
partial differential equations, as done in this thesis. The full calculation is detailed in
Appendix D.1. We first introduce the following initial condition:

c(x,0) = cg® (z), (1.17)

which together with Eq. (1.16) define the fundamental problem. The solution is called
the fundamental solution, or Green’s function, and reads:

G (2,t) = — ( = ) (1.18)
x,t)= ———exp | ——= | . .

3
" VixDt 4Dt
By definition, the Green’s function of a problem constituted of a system of linear partial
differential equations, is the solution associated to a Dirac distribution as the the right
hand side source term. Here in particular, the initial condition transforms the equation
at t = 0 into one with a Dirac distribution as the right hand side source term. Finally,
by applying the superposition principle, or Duhamel’s principle 75| 76], the solution
to the diffusion equation (1.16) associated with any initial condition is computed by
convolution to the Green’s function G, as:

¢ (@, 1) ://RB BaG(x -y, t)e(y,0), (1.19)

with ¢ (z, 0) the initial condition. One can remark that a natural, dimensionless diffusive
variable emerges, as x = Dt/z?. Indeed, the length explored by front of diffusion scales
with v/Dt, which defines the diffusive dynamics. For further reading on mathematical
methods associated to diffusion problems, one can refer to the work of Crank [77].

1.2.3 Diffusion of a particle in a liquid

An example of application of the diffusion equation presented in the previous subsection
is the diffusion of a solid sphere in a viscous liquid, that constitutes a classical problem.
When moving, the particle is subjected to the Stokes drag, which slows down its motion
in the liquid. On the contrary, the particle receives energy from thermal agitation,
through the collisions of liquid molecules. At low Reynolds number, the Stokes-Einstein
relation provides an expression of the diffusion coefficient of the particle [78-81], as:

kT

— B 1.20
G R (1.20)

with R the radius of the particle, n the liquid viscosity, T the temperature and kp the
Boltzmann constant. Many works were conducted, based on the fundamental Stokes-
Einstein relation, such as the experimental estimation of the Avogadro number by Jean
Perrin [82], the establishment of the fluctuation-dissipation theorem [83, |84], that still
constitute the basis of statistical physics today [85].

In the present section, we have considered a solid object that moves in a solvent by
diffusion. In the next section, we rather take the opposite point of view, and consider a
solvent that flows toward solid particles, to dilute them.

11
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FIG. 1.3. Intuitive definition of the osmotic pressure. A U-pipe is filled with water.
Salt is added on the right side. A semi-permeable membrane placed in the middle allows
water to flow but prevents salt to pass through. A water flow from left to right dilutes
the salt, and results in a difference of height AH between the two sides.

1.3 Osmosis

1.3.1 Definition of the osmotic pressure

Let us consider a U-pipe filled with pure water, as sketched on Fig.[1.3 A semi-permeable
membrane is placed at the center of the tube, allowing only water to pass through. If
now one adds salt on the right side, the water dilutes the salt and the salt diffuses in the
water. Yet, the semi-permeable membrane prevents the salt to pass from right to left,
resulting in a water flow from left to right. At equilibrium, the water height is different
for the two sides of the tube. The height difference, noted AH, can be associated to
a mechanical pressure difference in the fluid Ap, at both fluid surfaces. The osmotic
pressure 11 is defined as:

IT=—-Ap = pgAH, (1.21)

with g the gravitational acceleration and p the mass density of water. In other words, the
addition of a solute in a solvent creates a local increase of the osmotic pressure, compared
to a pure solvent. Fluid flows are directed towards the highest osmotic pressure to dilute
the solute. At equilibrium, all the water did not flow and some is left on the left side of
the tube. Thus the osmotic pressure is higher (and homogeneous) in the right side on the
tube compared to the left side. The difference in osmotic pressure is finally compensated
by the mechanical pressure difference on the two free surfaces, as expressed by Eq. (1.21).
The latter situation provides an intuitive definition of the osmotic pressure. Con-
sidering the pure solvent as the reference state with a zero osmotic pressure, the latter
increases with the concentration ¢ of solute. This is materialized by Van’t Hoff for-

mula , which reads:
II = ¢RT, (1.22)

with ¢ the molar concentration, T' the temperature and R the ideal gas constant. The
Van’t Hoff formula is derived from thermodynamics, considering that the activity of a
solvent varies with the concentration of the added solute. In the next paragraph, we
introduce a proper definition of the osmotic pressure, provided by thermodynamics.

First, still taking the pure solvent as the reference state, we consider the system after
addition of a solute. We recall from thermodynamics the expression of an infinitesimal
variation of Gibbs free energy 86, which reads:

dGaibbs = —SdT + Vdp + ApdN, (1.23)
with S the entropy, V the volume, T' the temperature, p the mechanical pressure and N

the number of molecules of solute. The variation of chemical potential Ay is expressed

12
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FIG. 1.4. Darcy flow through a porous medium. A solvent flows through a porous
medium at a velocity v, or similarly with a molecular flux J, following the decreasing
mechanical pressures p or chemical potentials p, or the increasing osmotic pressures I1.

by comparison to the reference state, and defined from Eq. (1.23) at constant pressure
and temperature, as:

oG

— 1.24
o, + (1.24)

Ap=p(p,T,c) = 1’ (p.T) =
To reach an equilibrium, the solvent flows to dilute the solute. Assuming that the
systems reaches an equilibrium when the Gibbs free energy is minimal, we deduce from
Eq. 1.24 that the solvent flow decreases the difference of chemical potential Ay. In other
words, the solvent flows towards the smallest chemical potentials. Then, by assuming
the incompressibility of both the solvent and the solute, the molecular volume of the
solvent (Q is defined by:
dV = QdN. (1.25)

Finally, the osmotic pressure II is defined with the variation of chemical potential A,
using the molecular volume {2, as:
Ap 1 0GGibbs G Gibbs

m=_=r _ = _ T8 1.26
Q Q 0N T ov 1’ ( )

and the solvent flows towards the highest osmotic pressure.

1.3.2 Porosity

In this subsection, we rather consider the opposite situation, as schematized in Fig. 1.4,
where a solvent flows through a composite medium, driven by an imposed mechanical
pressure gradient. This situation can be represented by the local form of the Darcy’s

law , , which reads:

k

with v the velocity field, n the fluid viscosity, p the pressure in the fluid and k the
permeability of the medium. Equivalently, a flow through a porous medium can be
described in terms of osmotic-pressure driving (directed towards the highest osmotic
pressures), or chemical-potential driving (towards the lowest chemical potentials), as
seen in the previous subsection. The Darcy’s law is then also expressed as;
k

T (1.28)
with the instantaneous molecular flux J, expressed as J = v/Q. Flows in porous media
constitute a field of research that has found many applications in the investigation of
soil mechanics , and recently in the context of particles flowing in porous

media or near boundaries .

13
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1.3.3 Polymer-solvent mixtures

When a solvent flows through a solid network, interactions between the solvent and the
solid matrix may occur. In particular, a solvent is defined as "good" or "bad" for a
polymer depending on theses interactions. Briefly, if the polymer dilutes in the available
volume of solvent up to the extent of the chain size, the latter is considered as good,
and otherwise, if the polymer collapses on itself the solvent is considered as bad [95].
When the solvent is pure water, the polymer is described as hydrophilic or hydrophobic.
This statement is modeled by Flory-Huggins theory for solvent mixtures [18]. First, the
Boltzmann formula provides the entropy per site of a thermodynamic system, as for the
general so-called Shannon entropy, as:

S =—kp Zpilnpi, (1.29)

with p; the probability associated to a state ¢ of the system. In the case of a polymer-
solvent mixture, two states are considered: the site is occupied either by a solvent
molecule, either by a polymer one. We introduce the volume fractions of the polymer
and solvent, as:

o, = % and @, = % (1.30)

with V}, and V; the partial volume of polymer and solvent respectively, with V, +Vs = V.
The entropy per site reads:

S = —kp [Bpln () + (1 — @) In (1 — )] (1.31)

The free energy is derived using the equation F' = U —T'S. An additional term of mixing
is considered [86, 96], such as the the mixing free energy of the whole system reads:
kT

Fnix = TV [@pln (Pp) + (1 — Pp) In (1 — Dp) + xpsPp (1 — Dp)] (1.32)
with xps the polymer-solvent interaction parameter, or Flory parameter, that quanti-
fies the propensity of both species to demix. For instance, the quality of a solvent is
quantified by the Flory parameter. Additionally, the stability of a liquid-liquid or a
polymer-solvent mixture can be predicted using the Flory parameter. A mathematical
study of the free energy Fix as a function of the volume fraction of a species ® deter-
mines whether the system is stable, depending on the value of the Flory parameter [97-
102|. Furthermore, in the case of polymer solutions, the free energy of the system is ex-
pressed taking into account the number IV, of polymer segments connected by bounds.
The free energy thus reads:

Fhix,ps = kBTTV i‘;ln (Pp) + (1 —Pp)In(1 — Dp) + xpsPp (1 — p) | - (1.33)

By comparaison to the free energy in the case of liquid mixtures, as expressed in

Eq. (1.32), the factor 1/N, in Eq. (1.33) accounts for the fact that N, polymer seg-

ments are now bounded, which reduces the possibilities of arrangement. We note that

Flory-Huggins theory has largely been applied to swelling polymers [100} |103, [104], and
also to phase-separation in polymer mixtures [100} |105].

From Flory-Huggins mixing free energy, the isothermal elastic bulk modulus is de-

fined as:

1 1
Ka=—vH _g 9

ov = % o, | (1.34)
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FIG. 1.5. An elastic beam. A pulling force F is applied on a straight beam of section
S and initial length L, causing an elongation AL.

As a result, the elastic bulk modulus depends on the volume fraction of polymer, and
thus of solvent, as &5 =1 — &,

Elastomers are typically made of synthetic or natural polymers that are reticulated
to form a network. When immersed in a favorable solvent, a polymeric matrix swells
as predicted by Flory-Huggins theory [18], and forms a gel. In this thesis, we will work
with a particularly hydrophilic polymer, that swells by several times its initial volume
when brought in contact with water, driven by strong gradients of osmotic pressure. In
such a case, the swollen hydrogel contains a large proportion of water molecules, likely
to flow with any perturbation. According to Eq. (1.34), variations of elastic properties
with the amount of solvent are expected |106, [107]. Having an idea for how the elastic
modulus can be controlled on a physico-chemical basis, in the following we introduce
basic concepts of elasticity theory that will be used in this thesis.

1.4 Elasticity

1.4.1 Hooke’s law

The elasticity of a solid object characterizes how the latter can be deformed when sub-
mitted to a load, in a regime where it recovers perfectly its initial shape after release of
the load. Let us consider a straight beam of section S and initial length Lg, as schema-
tized in Fig.[1.5. A pulling force F' is applied at one edge, normally to the section S and
along the axis of the beam, resulting in an elongation AL. For simplicity, we consider
here that the section S is not impacted by the stretching. The linear elasticity of the
beam is modeled by Hookes’s law as if it was a spring, as:

F AL

5= EL—O, (1.35)
with E the Young’s modulus of the material. In the one-dimensional case of an extended
beam, we define the stress o as the applied force per unit area, and the strain € as the
relative elongation, as:

F AL
g = E and € = Li()’ (136)
and the Hooke’s law can be written as:
o = Ee. (1.37)

To generalize the linear-elasticity concept to three-dimensional objects, we first in-
troduce the tensorial definition of the strain, as:

€= % [Vu + (Vu)T} , (1.38)

with w being the spatial displacement field with respect to the undeformed reference
state. Figure 1.6 schematizes how the strain tensor is established, in two dimensions for
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simplicity. The displacement field u expresses the displacement upon deformation of a
material point located at (x, z). An element of the strain tensor €;; expresses the variation
of the i-component of the displacement field u with respect to the direction j. In the
definition introduced in Eq. (1.38), the strain tensor is linear with respect to gradients
of the displacement field. The latter definition is valid for small deformations [108],
otherwise non-linear terms in the gradient of the displacement field are added. In the
case of a solid presenting a linear and isotropic elasticity, the Hooke’s law gives the

stress-strain relationship:
2v

1-—2v

o=2G e+ Tr(e)|, (1.39)

with G the shear modulus [108]. The Poisson ratio v characterizes the compressibility
of the material, 7.e. whether and how much volume is kept when a compression load is
applied on the solid. For an elastic and incompressible solid, the Poisson ratio takes a
particular value, which is ¥ = 0.5. In this case, the total volume of the object is conserved
in the deformed state, which is mathematically expressed from the strain tensor, as:

Tr(e) =0, (1.40)

with noting Tr the trace of a tensor, and the stress-strain relationship given in Eq. (1.39)
becomes:
o = 2Ge. (1.41)

For the case of the elastic beam presented at the beginning of this section, and schema-
tized in Fig. [1.5, the Poisson ratio takes another particular value, which is v = 0. In
that case, the strain in the direction of the pulling force does not affect the strains in
the two other directions of space. Thus, the section of the beam is conserved in the de-
formed state, and the stress-strain relationship is identical to the one given in Eq. (1.41).
Finally, the link between the Young’s modulus E, the shear modulus G and the bulk
modulus K is recalled, as:

E =2G(1+v)=3K(1—2v). (1.42)

For further reading, one can refer to the following references [108, [L09].
Finally, an equivalent of the Navier-Stokes equation for fluids, the motion of an elastic
solid is described mathematically by Newton’s second law, which reads:

ou

N _ . 1.4
pg =V-otf (1.43)

with f the sum of external body forces per unit mass. In the particular case of a steady
state, in the absence of external body force, Newton’s second law becomes:

V.-o=0, (1.44)

which is also known as Navier’s closure relation.

1.4.2 Towards poroelasticity

The present thesis studies the mechanics of swollen gels, which couples several of the
themes presented until there. Upon swelling, solvent molecules penetrate inside the gel
and diffuse through the polymer matrix. Therefore, when a load is applied to the gel,
the solvent flows with time inside the polymeric network, and material deformations are
time-dependent. This dynamic response arises because the elastic polymer chains are
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FIG. 1.6. Two-dimensional displacement of an infinitesimal surface element
upon deformation. Originally located at a position (z,z), an infinitesimal surface
element dxdz is displaced by w upon a deformation. The strain tensor € is computed
using the partial derivatives of the displacement field w, using Eq. (1.38).

attached by reticulation, while the solvent motion is unbounded and implies viscous dis-
sipation in the pores. Such a coupling mechanism is called poroelasticity. The question
of poroelasticity was first addressed by Biot, in the context of soil-consolidation mechan-
ics , . Later, the framework of linear poroelasticity was established ,
110H113|. Considering the gels as isotropic materials, the theory of elasticity presented
in this subsection is coupled to Darcy’s law (see Sec. 1.3.2), to describe solvent flows
in elastic and porous media. As a result, a term of osmotic pressure is added to the
expression of the stress as a function of strain, which thus reads:

2v Ap

o=2G|e+ Tr (€) -l (1.45)

Since Biot’s first model, additional features have been added such as nonlinear elastic-

ity |114, 115], viscoelasticity |116], or surface stresses |110; 118], and instabilities
have been considered [119].

Having presented basic notions of fluid mechanics, continuum mechanics and polymer
physics, the next section sets the scientific context of this thesis. In particular, the
first subsection is dedicated to the surface instabilities that arise at the surface of gels,
upon swelling and drying. The second subsection focuses on soft-lubrication situations,
encountered when a spherical particle moves close to a soft boundary.
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1.5 Scientific context of the thesis

Besides the mechanisms of soil sedimentation, poroelasticity has also been an important
ingredient in the context of the exploitation of soft-coating properties in fundamental
science. Indeed, grafting polymer films onto rigid surfaces is largely used for various ap-
plications, from cellular culture |7, |120] and medicine [6] to microfluidic engineering [3,
5], through the building biomimetic systems [8, [121]. However, swollen polymer gels
are fragile systems, and therefore are difficult to investigate without damage. Moreover,
grafting to a substrate can constrain the swelling of hydrogel films and lead to surface
patterning. Contactless methods appear as good candidates to probe the mechanical
properties of such systems, yet the associated theoretical framework usually applies to
flat substrates. Thus, in the following we present a few different types of surface instabil-
ities that may occur upon swelling and drying, before focusing on different investigation
modes of the mechanical properties of soft substrates.

1.5.1 Elastic and drying-induced instabilities

When a hydrophilic, reticulated polymer film is brought in contact with water, a hydro-
gel forms by swelling. However, when the polymer film is grafted onto a rigid support,
the swelling of the hydrogel film is constrained in one direction, which leads to the for-
mation of surface patterns. Volumetric expansion, associated with osmotic stress, is
inhibited laterally by substrate attachment. The resulting geometrical incompatibility
generates an in-plane compressive stress that can destabilize the flat surface of the hy-
drogel [122-125]. This nonlinear instability |[126-128] renders the surface topography
non-uniform, with sharp "creases" (localized regions of large strain/curvature [129]) sep-
arating smooth peaks [122,130-132], as shown in Fig. 1.7(a). Creases were first noticed
at the surface of reticulated gels of gelatine a century ago [133], and on swollen rubber
in the 1960’s |134]. Then, the works of Tanaka in the 1990’s pioneered the research
on the creasing instability [135, 136], and led to various numerical developments [130].
Later, the creasing instability has been largely reported at the surface of compressed
elastomers [127) 129, |137-140], as well as on swelling gels|30} 122, 124, |133-136 141,
142|. In particular, the characteristic wavelength Acrease Of the pattern observed at the
surface of a swollen material is predicted by the works of Dervaux and Ben Amar [143],
and reads:

AT Tary

Acrease = T&ury’
log ( —;—~

(1.46)

with 74,y being the initial dry thickness of the swelling film and d a regularization
length, taking into account the mechanical properties of the material [144], such as the
bulk elasticity, the surface tension between the material and the ambient air and the
thickness of the material layer.

Besides, previous works showed that the deposition of a pre-stretched stiff film onto
a soft material triggers the formation of wrinkles at the surface [125, [145], as schema-
tized in Fig. [1.7(b). Wrinkles on bilayered systems have been first studied in details by
Allen [146] in the engineering context of building materials, made of several layers with
different mechanical properties. Later, wrinkles were observed on the treated surface of
elastomers [145], [147-150] or on elastic films deposited on a bath of viscous fluid |151].
In such cases, the surface takes a sinusoidal form [131} [152-154], with a characteristic
wavelength Ayrinkle that is determined by the respective Young’s moduli of both layers
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(a) (b) (c)

Compressive stress Drying
Sttt IR ERRRE

FIG. 1.7. Creasing, wrinkling, and buckling instabilities. Summary of elastic
instabilities that arise at the surface of elastomers, swelling gels, and drying droplets. (a):
Creasing instability, observed on compressed elastomers and surface-attached swollen
gels. (b): Wrinkling instability, observed on bilayered systems composed of a pre-stretched
stiff and thin film deposited at the top of a soft and thick layer. (c): Buckling instability,
observed on drying droplets of colloid or polymer solutions.

and the thickness Tgig of the top stiff one. The wavelength reads:

\1/3
EStlff ) ) (147)

Awrinkle = 2T Tstiff (
3Esoft

with Fg;g the Young’s modulus of the top, thin and stiff layer, and Eg.¢ the one of the
bottom, thick and soft layer.

A first theoretical prediction about the mechanism that triggers the apparition of
surface instabilities was made by Biot . An elastomeric half-space would deform in
a sinusoidal pattern, which we identify now as wrinkles, provided that the in-plane strain
exceeds a threshold of 0.46 [155, [156]. Later, further theoretical and numerical
as well as experimental works , showed that the creasing instability occurs
at a critical strain threshold of €. ~ 0.30—0.35. This latter threshold is lower than Biot’s
earlier prediction, meaning that creases appear before wrinkles as strain increases
- - The creasing instability is triggered by imperfections, experimentally in the
form of nanoscale roughness and numerically by introducing defects [129 -—- The
singular deformation of a crease requires the elastic energy to overcome the barrier of
surface tension with the elasto-capillary length le. ~ v/G that characterizes a balance
between surface tension and bulk elasticity. Let [ be a relevant characteristic length
of the considered system: for [ < [o. the surface tension dominate over bulk elasticity,
while for [ > I, the bulk elasticity dominates over surface tension. Creasing thus releases
compression, and produces topographic variations that are reminiscent of the structural
architecture of the brain . Finally, creases are reversible in the case of
compressed elastomers as compression is released. Yet, in the case of swelling gels, the
irreversible character of a swelling-drying cycle renders the creasing irreversible too
164].

If in a drying process, the ambient medium is air instead of solvent, and the ini-
tial and final states are precisely reversed compared to the swelling process, drying is
only the time reversal of swelling if it occurs very slowly and elastic deformations are
small . Non-linearities that arise though large deformation can turn swelling and
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deswelling into asymmetric processes |19} 20|, and result in irreversible deformations,
even in a single swelling-deswelling cycle [30]. Furthermore, evaporation reduces the
volume fraction of solvent from the free surface, which may lead to an inhomogeneity of
solvent concentration |22} |24} 28| |165], [166], and to an accumulation of solute at the sur-
face. For instance, the so-called coffee-ring effect results from the latter mechanism [28|
165167], as well as Marangoni flows [168-171]. In polymer films, the formation of a
skin layer or "crust" may occur |24} |25, |27, 29, 172, [173|, together with phase changes
such as the glass transition in a region localized near the surface [23, 25| 27]. In sessile
drops, the formation of pinned contact lines [23, 165, 168, (169, (174} |175] may lead to
buckling instabilities [25] 172, [176), 177], as schematized in Fig. 1.7(c). More complex
shapes such as rings [178-180], cracks |23, [28| [181], or wrinkles [131} 181] similar to the
ones observed in the case of bilayered systems described here have been reported.

In the Chapter 2| of this thesis, we study the apparition of surface patterns at the
surface of both swollen and dried polymer films. In particular, we report a complex
pattern, resulting apparently from several types of instabilities, and we investigate in
details the characteristic features of the deformed surfaces.

In the present subsection, we presented some surface instabilities that can occur when
working with swelling and/or drying grafted polymer films. Such designed systems are
notably used in the context of fundamental sciences, exploiting their soft-coating prop-
erties. In the next subsection, we focus on the influence of a soft boundary on a nearby
mobile particle immersed in a viscous bath.

1.5.2 Soft lubrication

When a particle immersed in a viscous fluid is approached to a rigid boundary, the
pressure field in the fluid in the confined region is strongly modified, and would diverge
to infinity when contact would be reached. The lubrication layer of fluid located in
between the wall and the particle theoretically prevents contact [32, |67]. Besides, the
Stokes drag applied on the particle is modified by the confinement (see Sec. 1.1.3).
If now the rigid wall is coated with a soft and elastic material, when the particle is
approached towards the soft boundary, a hydrodynamic stress arises in the region of
fluid that is confined between the particle and the soft boundary. The latter stress
deforms the soft boundary, the elastic deformation modifies in turn the flow [182], and
the latter finally influences the particle motion. The resulting coupling belongs to the
field of elastohydrodynamics (EHD) [39, |56, (64} 183H186], and the particular situation
of a rigid object moving near a soft wall within a lubrication layer defines the so-called
soft-lubrication coupling [187-191].

Soft lubrication is relevant in many biomimetic contexts, and thus has been a field of
research for the past 20 years. Indeed, several examples can be identified in the human
body at different scales. The knees are made of cartilaginous menisci immersed in the
synovial liquid, that make a lubricated and softer interface between stiff bones. Consid-
ering the weight that knees have to handle, the effective friction coefficient between bones
is reduced by several orders of magnitude compared to a non-lubricated contact [192,
193], i.e. down to 1079, a value that is not yet reproduced in industry. Similarly, the
eyes are constituted of eyelids sliding on eyeballs, the contact of which is lubricated by
the tear fluid. Moreover, the presence of a gel-like layer of proteins at the surface of
both the eyelid and the eyeball ensures a smooth transition between the solid parts and
the liquid phase, and softens the contact [194, 195]. Finally, the circulation of red blood
cells is carried out by the compliant blood vessels, presenting a protein-rich layer, called
glycocalyx, on their surface. In a perspective of biomimetism, a work studied the flow
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(a) (b) (c) (d) (e)

FIG. 1.8. Different configurations for soft-lubrication investigation in the
sphere-plane geometry. The sphere motion is (a): oscillatory and parallel to the
soft-coating plane, (b): steady and parallel to the plane, (c): oscillatory and perpen-
dicular to the plane, (d): steady and perpendicular to the plane, also called approach
mode. (e): After the approach mode, the sphere is eventually in solid contact with the
soft coating and indents it.

of rigid particles in a millimetric channel coated with hyaluronan brushes that mimic
glycocalyx [121], and showed that the particle trajectories are modified by the presence
of the soft coating. More precisely, the particles are repelled from the walls. Thus these
results provide important insights on the mechanism of blood circulation in the human
body [196].

To rationalize physical phenomena associated to the soft-lubrication coupling, let us
consider the sphere-plane geometry, in which several modes of motion can be identified as
schematized in Fig. 1.8(a-d). For the purpose of this thesis, we focus only on translation
motions, and not on rotation. Considering coatings made of a purely elastic material,
these different configurations are largely documented in literature. First, the sphere
motion can be parallel to the plane, either oscillatory (see Fig. 1.8(a)) or steady (see
Fig.1.8(b)). In both cases, previous works showed experimentally and theoretically that
the motion of the sphere generates an asymmetric pressure field in the confined region
of fluid. The latter results in a lift force, that repels the particle from the wall [121]
188, 190, |197-201]. Second, the sphere motion can be oscillatory, and perpendicular
to the flat surface [202], as sketched on Fig. 1.8(c). In particular, the work of Leroy
and Charlaix showed that both the storage and loss components of the resulting force
applied on the sphere exhibit two regimes [203, [204], depending on the average sphere-
plane distance. At large distances, the viscous dissipation occurring in the fluid phase,
e.g. Stokes drag, is dominant, while at small distances, the elasticity of the soft coating
is dominant in the force response. Third, the sphere motion can be steady, and towards
the surface, which defines the approach mode, as sketched on Fig. [1.8(d). The inverse
situation, where the sphere is coated with an elastic material and approaches a rigid
wall, has also been studied [205-210]. A few other works predict that when the opposite
motion is imposed, e.g. retraction, an elastohydrodynamic adhesion force is applied on
the sphere, due to the presence of the soft coating [190, [211]. In the approach mode,
the elastic coating can undergo small-to-large deformations. Linear EHD theories are
well suited to describe small deformations [212], and non-linearities are rarely taken into
account to describe large-deformation regimes [191]. Finally, the approach mode leads to
a situation where the fluid layer thickness is smaller and smaller, up to physical contact.
Then, the sphere indents the soft layer, as described in Fig. 1.8(e). The latter situations
are respectively described by the framework of Hertz-like problems [213-215], and the
so-called Hertz contact theory [216, [217].

However, if the soft-lubrication problem has largely been addressed in the case of
purely elastic coatings, undergoing small deformation, more realistic descriptions in a
biomimetic perspective are still to develop. Early works on purely porous substrates
suggest an elastic-like description involving effective slippage at the interface, with ei-
ther the slip length considered to be on the order of the pore size [90], or a full slip
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boundary condition [218]. The effects of viscoelasticity have been recently investigated
in detail [11H13},219], yet, the effects of poroelasticity remain scarcely and partially ad-
dressed [15-17, 111]. Recent works developed a theoretical framework that describes in
detail the swelling of poroelastic materials when immersed into a solvent, taking into
account large deformations [220]. The purpose of this thesis is to develop a framework
that describes the mechanical response of swollen hydrogels in a more realistic manner,
taking into account both their elasticity and porosity.

Considering now swollen hydrogels as more complex systems, their mechanical re-
sponse is determined by their interactions with the environment. If the gel is indented
by a rigid object, as in the emblematic example of contact mechanics [112} 113} 214,
217, 221, 222|, solvent molecules do not flow across the interface between the gel and
the indenter, which is thus impermeable. The latter boundary condition is expressed
as [111]:

J(z=0)-n=0, (1.48)

with J being the molecular flux of solvent inside the porous matrix of the gel, n a normal
vector to the interface, and the interface being defined by z = 0. In contrast, if the gel
is immersed in its own solvent, then the solvent molecules can be transported across the
gel-solvent interface, which is thus permeable. At the surface, the chemical potential
is fixed to its bulk value ppylk, in the solvent reservoir. Thus, the permeable boundary
condition is expressed as [10]:

n(z = 0) = pipui- (1.49)

In Chapter [3, we establish a model that describes the mechanical response of a per-
meable, poroelastic material, in both the semi-infinite and finite-thickness cases. In
Chapter 4, we apply the latter model to the situation of a sphere oscillating perpendicu-
larly to the coated surface, as sketched in Fig. |1.8(c), and use our theoretical framework
to investigate the mechanical properties of a swollen hydrogel. Finally, Chapter 5 is
dedicated to the investigation of a swollen hydrogel in approach mode up to contact, as
sketched by Figs. [1.8(d) and (e).
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Chapter 2

Transition in morphology at the
surface of grafted hydrogel thin
films

The present Chapter is dedicated to the study of surface instabilities that may occur at
the surface of gels upon swelling and drying, as presented in the general introduction,
Sec.|1.5.1. Here, we report on a morphological transition that occurs upon gel drying. We
show surface patterns on nanometric-to-micrometric films in both the wet and dry states.
We first describe the sample fabrication and the AFM-based measurement technique.
We then investigate typical AFM images of dry and wet Poly-N-isopropylacrylamide
(PNIPAM) films, showing a transition from a creased pattern to a more sinusoidal mor-
phology with what we refer to as crease scars. We present a quantitative analysis of these
results and discriminate different regimes associated with specific morphologies. Consid-
ering hydration-dependent elastic properties, we suggest mechanisms for the threshold
of pattern formation. We finally discuss the role evaporation may play, in determining
the final surface morphology.

2.1 Description of the experiment

2.1.1 Preparation of grafted hydrogel samples

In the present subsection, we describe the fabrication process of hydrogels. The protocol
was originally developed by collaborators of the SIMM laboratory [1}, [223], including
Yvette Tran, and is summarized in Fig. [2.1. The first main steps consist in preparing
the surface onto which polymer is grafted, then the polymer is deposited and cross-linked
(or reticulated), and the final steps consist in washing the obtained sample.

2.1.1.1 Preparation of the surface

Cleaning: Either silicon wafers or glass substrates (coverslips in borosilicate glass)
are chosen as the surfaces onto which the polymer gels are deposited. First, a "Piranha'
solution is prepared, by mixing usually 200 mL of sulfuric acid (at > 99%, Sigma Aldrich)
with 400 mL of hydrogen peroxide (at 35%, Sigma Aldrich) in a large beaker (of at least
2L). Teflon dishes are used. The resulting solution is left to rest at room temperature
for at least 30 min, until it becomes a clear solution with no bubble, back to room
temperature. The substrates are then immersed in the piranha solution for one hour.
Water is then poured into the solution to decrease the concentration in acid and oxygen
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GRAFTED HYDROGEL THIN FILMS
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FIG. 2.1. Fabrication of PNIPAM hydrogel films by click-chemistry.(a): A co-
polymer of P(NIPAM-co-AA) is mized with DTT (a crosslinker agent), in a mizture
of methanol and butanol (solvent). (b): The mixture is deposited onto a functionalized
substrate and a uniform layer is obtained by spin-coating. After solvent evaporation, the
mizture of melt P(NIPAM-co-AA) and DTT is cured by UV-insolation for 3 hours. The
obtained reticulated gel is then rinsed by immersion in water, and dried under ambient
air.

peroxide, before removing the substrates from the beaker. Substrates are then rinsed
with deionized water, dried with pressurized nitrogen flow, rinsed again with absolute
ethanol (HPLC level, Sigma Aldrich), dried again. At this stage, if any dust remains
visible at the surface of a substrate, the rinsing steps are done again.

Grafting sulfhydryl groups: A solution of silane is prepared by mixing 196 mL of
absolute ethanol with 4 mL of 3-mercaptopropyltrimethoxysilane (95 % Sigma Aldrich).
The solution is left at rest for one hour. The freshly cleaned substrates are then immersed
for one hour in the silane solution. This step, called silanization, allows sulthydryl groups
(-SH) to attach on the extremely clean surfaces. Finally, the substrates are rinsed by
immersion in a bath of absolute ethanol, and dried with pressurized nitrogen flow. We
obtain chemically cleaned substrates, with thiol groups attached, that are referred to as
functionalized surfaces.

2.1.1.2 Deposition of polymer

Preparation of the polymer solution: An in-house synthetized copolymer of
Poly-N-isopropylacrylamide (PNIPAM) and acrylic acid (AA), functionalized with ene-
reactive groups (weight-average molar mass M = 459000 g/mol, polydispersity index
about 2) [1], was generously provided by colleagues from the SIMM laboratory under a
desiccated form. A mixture of butanol and methanol (1/1 in volume) is used as a solvent.
The desiccated polymer is dissolved in the solvent, at a chosen concentration cpnipam
(between 0.5% and 15% in mass). The solution can be left at rest overnight in the fridge,
for the polymer to have time to dissolve. Just before being used, 1,4-dithioerythritol
(DTT, Sigma Aldrich) is added to the solution, acting as a crosslinker agent. Typically
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FIG. 2.2. Hydrogel dry thickness as a function of the polymer concentration
and the spin-coating speed. (a): Dry thickness Tqry of the PNIPAM hydrogel sample
as a function of the angular spin-coating velocity wspin, obtained from PNIPAM solutions
of different concentrations cpnipam (in mass), indicated in the legend. (b): Dry thickness
Tary of the PNIPAM hydrogel sample as a function of the PNIPAM solution concentration
cpNIPAM (in mass), for different angular spin-coating velocities indicated in the legend.

60% of DTT (in mass, compared to the P(NIPAM-co-AA)) is added.

Spin-coating:  Uniform films of P(NIPAM-co-AA) copolymer are produced by spin-
coating onto the prepared surfaces. The polymer solution is first transferred into a
syringe for convenience. In the case of glass substrates, the solution is passed through a
calibrated filter (0.2 um), placed at the output of the syringe. A few drops are typically
deposited onto the functionalized surface, and uniformly spread by spin-coating, with
a spinning time of 30 s and at a chosen angular velocity wspin (in the range 1000 to
4000 rpm). To remove the excess of solvent, the obtained sample is placed onto a warming
plate at 65°C for 1 min. At this stage, we obtain a uniform layer of polymer chains mixed
with the cross-linker agent deposited on a functionalized substrate.

Reticulation of the gel: The hydrogel coating is cross-linked by performing a UV-
irradiation (exposition carried out using a UV lamp, power 8 W, wavelength A = 254 nm)
for 3 hours. To remove uncured polymer and crosslinker excess, samples are immersed
in deionized water for 4h then in isopropanol (HPLC level, Sigma aldrich) for 15 min.
Finally, the samples are dried under ambient conditions.

2.1.1.3 Benchmark of the obtained dry film thickness

Here, we present the calibrations of the obtained film thickness in dry conditions, as a
function of the chosen polymer solution concentration and the chosen spin-coating angu-
lar velocity. These curves were established after several months of try-and-fails of sample
fabrication. The purpose of this subsection is to help any future experimentalist to chose
the appropriate experimental conditions to fabricate a PNIPAM gel of the desired thick-
ness. Figure 2.2(a) shows the obtained thickness 74,y as a function of the spin-coating
velocity wepin, for different PNIPAM concentrations cpnipam (in mass). Figure 2.2(b)
shows the obtained thickness 74,y as a function of the PNIPAM concentration cpntpam
(in mass), for different spin-coating velocities wgpin.

2.1.2 Atomic Force Microscopy experiments

The hydrogels films are imaged by AFM (Nanosurf CoreAFM), both in dry and wet con-
ditions, respectively in tapping and contact modes. We describe the imaging technique
in both cases.
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FIG. 2.3. Schematic of an AFM.A sharp tip is held by a cantilever, which is supported
by a chip. A piezo element moves vertically the chip, whose position is noted zpieso- A
laser beam is sent on the top face, at the edge of the cantilever. The reflection of the laser
is monitored by a photodiode. From the shifted signal of the photodiode, the deflection of
the cantilever Zeanii s extracted.

2.1.2.1 Topography measurements

Principle of the AFM in tapping mode: The AFM is schematized in Fig. 2.3. A
sharp tip is held by a cantilever [224-226|. The cantilever itself is held by a chip, mounted
onto a holder, which is moved in the z direction by a piezo element, whose position is
noted as zpieso. A laser beam is sent on the edge of the cantilever, reflected by the latter,
and this reflection is sent to a four-quadrant photodiode. The deflection Z..nt; of the
cantilever is measured by monitoring the signal of the photodiode. In tapping mode, the
piezo element that holds the cantilever is made oscillating at a small amplitude, close to
the resonance frequency of the cantilever.

The ensemble made of the holder, the laser and the photodiode constitutes the scan
head of the AFM. When the scan head moves laterally, the tip may encounter a surface
irregularity, which provokes a change in the oscillation amplitude of the edge of the
cantilever. By applying a feedback loop on the amplitude of the cantilever deflection,
the piezo element holding the chip is forced to move over a distance Azpieso, to correct
the cantilever deflection amplitude. Thus the distance Azpieso provides a measurement
of the height of the irregularity encountered.

A region whose topography has to be measured is defined. Then, the scan head
browses that region following straight lines along a direction, going back and forth, and
shifting in the other direction each time a new line is began.

Principle of the AFM in contact mode: The instrument is the same as in tapping
mode. Yet, in contact mode, no oscillation of the cantilever is imposed, but the tip
touches the sample, imposing a small deflection to the cantilever. When the scan head
moves laterally and the tip encounters a surface irregularity, the cantilever deflection
Zeanti is changed. A feedback loop is applied on the cantilever deflection, thus the
piezo element holding the chip is forced to move over a distance Azpie,o to maintain the
cantilever deflection Zcanti at its prescribed value. Finally, the distance Azpie,o provides
a measurement of the height of the irregularity, as for the tapping mode. As for tapping
mode, a region to measure is defined. Then, the scan head scans that region following
lines, going back and forth.

26



2.1. DESCRIPTION OF THE EXPERIMENT

2.1.2.2 Force spectroscopy measurements in AFM

A spectroscopy measurement in AFM consists in an indentation experiment performed
with an AFM tip [227]. The tip is initially retracted, and no oscillation is imposed on
the piezo element holding the cantilever. Then, a downwards velocity of approach is
imposed to the piezo. The probe gets closer to the sample until reaching contact. The
approach is continued until reaching a threshold in force (or in traveled distance). Then,
the cantilever is retracted by imposing an upwards velocity to the piezo element. The
cantilever deflection as a function of the position of the piezo, Zcanti(2piezo), constitutes
the approach curve. The latter is then analyzed, to extract various physical properties
of the investigated material, such as the elasticity, or the adhesion energy.

In the following, we describe briefly some calibration steps that are necessary to
convert electric signals, what are measured in the AFM, into forces and distances. The
latter represent the physical quantities of interest for the mechanical description of a
material.

2.1.2.3 Calibrations

In the standard force spectroscopy modes used for the present experiments, the cal-
ibration steps that are described in the following paragraphs are performed almost
automatically, carried out by the software of the AFM. We show an example of cal-
ibration results performed on a standard contact-mode cantilever (Nanosurf, model
Stat0.2LAuD), whose nominal resonance frequency and stiffness are fpnom = 13kHz
and Kcanti nom = 0.2N/m.

Calibration of the resonance frequency in dynamic mode: For experiments
in tapping mode, a sweep in frequency (imposed by the piezo) is performed and the
oscillation amplitude is recorded, as the response of the cantilever. The resulting motion
of the edge of the cantilever is described by modeling the cantilever as a damped harmonic
oscillator, to which a harmonic forcing is imposed. Then, by solving the equation of
motion of the cantilever, one can derive the frequency-dependent complex cantilever
deflection Z7, ; 1225]. The amplitude of the cantilever deflection reads:

canti

Zns] () = Fofmesns
\/(wo —w)? + (wwp/Q)?

(2.1)

with * indicating a complex variable, w the angular frequency, wg the resonance angular
frequency, @ the quality factor, meanti the effective mass of the cantilever and Fy the
amplitude of the external excitation. The measured amplitude of the cantilever deflection
is fitted with Eq. (2.1). The resonance frequency fy = wp/(27) and the quality factor
@ are extracted as fitting parameters. In Figure. 2.4(a) we show an example of the
amplitude of the cantilever deflection when submitted to an external harmonic forcing.
On the present example, we measure a resonance frequency of fo = 6.209kHz and a
quality factor of Q = 164. The measured resonance frequency is lower than the expected
nominal value, but still reasonable.

Calibration of the resonance frequency in static mode: For experiments per-
formed in contact mode, the deflection of the cantilever due to its thermal noise is
recorded and averaged over several measurements. The Brownian motion of the can-
tilever is described by modeling the cantilever as a damped harmonic oscillator to which
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FIG. 2.4. AFM calibrations. (a): Amplitude of the cantilever deflection |Z}, ;| when
submitted to an external harmonic forcing, as a function of the temporal frequency f.
The experimental data is fitted with Eq. (2.1). (b): Amplitude spectral density A, of
the cantilever as a function of the temporal frequency f, in the absence of any external
forcing, resulting only from thermal noise. The experimental data is fitted with Fq. (2.3).
(c): Deflection sensitivity D.S measurement. The signal received by the photodiode, which
corresponds to the cantilever deflection Zeanti in V, is plotted as a function of the position
of the driving piezo zpieso. The final part of the curve corresponds to the range where the
contilever is in contact with the hard surface. The deflection sensitivity DS is computed
as the inverse of the slope. (d): Schematic of the four-quadrant photodiode that follows
the direction of the reflected beam.

a Langevin force is applied. Then, by solving the Langevin equation for a damped har-
monic oscillator, one can derive the power spectral density of the cantilever deflection

Z% i 1225], as:
dw 7-‘-Tnza»nti Q2 (w(% - w2)2 + w(Q)w2 7 '

with kg the Boltzmann constant and 7" the room temperature '. The amplitude spectral
density A, is then defined by taking the square root of Eq. (2.2):

dZ:ani

The measured amplitude spectral density of the cantilever is fitted with Eq. 2.3l The res-
onance frequency fo = wp/(27) and quality factor @) are extracted as fitting parameters.
In Figure. 2.4(b) we show a typical example of the spectrum of the Brownian motion
amplitude of the cantilever. Here, we measure a resonance frequency fo = 6.211kHz
and a quality factor Q = 107. The measured resonance frequency is again lower than
the expected nominal value, but still in a good range. Moreover it is consistent with the
measurement performed in dynamic mode, detailed in the previous paragraph.

'The present calibration step is detailed again in Sec. 4.2.2.1l
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Calculation of the cantilever stiffness: Then, the Sader method is used to compute
the stiffness [228-232], based on the geometrical properties of the cantilever and its
resonance frequency. In summary, for rectangular cantilevers, the spring constant is
computed as:

k = Megpbh Lwyac, (2.4)

with A, b and L the thickness, width and length of the cantilever, M. a normalized
effective mass (Mg = 0.2427 for L/b > 5), p the density of the cantilever material and
wyac the angular resonance frequency in vacuum [228, 230|. The latter is computed by
taking into account a correction to the angular resonance frequency in air wp [229]. The
Sader method is also extended for V-shaped cantilevers [231]. The AFM we used has
a function to perform the calculation, based on the geometry and the material of the
cantilever (Silicon nitride most of the time). For the example presented here, we find a
stiffness £ = 0.127 N/m.

Deflection sensitivity: In AFM, the measurement of the deflection sensitivity value
DS is used to convert the electric signal received from the photodiode (in V) into the
deflection of the cantilever Zcang (in nm) 2. The deflection sensitivity is measured by
approaching the cantilever close to a hard surface, touching the surface, and the approach
continues until reaching a prescribed limiting deflection. The cantilever is then fully
retracted. The measurement is typically repeated ten times. The vertical signal of the
photodiode (i.e. the cantilever deflection Zc,n; up to a factor, but in V) is monitored as
a function of the position of the piezo zpieso. A linear relation between the signal of the
photodiode and the piezo position is typically obtained when the cantilever is in contact
with the hard surface, and the coefficient between both corresponds to the deflection
sensitivity DS in nm/V. Figure 2.4(c) shows a typical measurement of the signal of
the photodiode Zcanti as a function of the vertical position of the piezo zpieso. In this
example, the calculated deflection sensitivity is 254nm/V based on a good quality fit
(x? = 0.009). In practice, the measurement of the deflection sensitivity is automated by
the AFM software, repetitions and averaging included. The product of the deflection
sensitivity by the cantilever stiffness DS kcanti enables to convert the voltage signal of
the photodiode into a force.

Cross-talk compensation: In AFM, the deflection of the cantilever Z.,nt; is mon-
itored by following the reflected ray of the laser pointed at its edge. In Fig. 2.4(d), we
show a basic schematic of the four-quadrant photodiode that records the direction of the
reflected beam. The photodiode is constituted by four detection cells, noted A, B, C,
and D. The vertical deflection of the cantilever is deduced from (A+ B) —(C'+ D), while
the lateral deflection, or torsion, is deduced from (A+C)— (B+ D). Imperfections of the
system can perturb the independency of the different channels - a phenomenon named
"cross talk". The latter can result from several sources. First, a mechanical origin is
considered when the surface has significant variations in its topography, and the whole
range of the piezo holding the chip is used. Second, electronic origins are often cited.
Third, a geometric origin is considered when the alignment of the different optical ele-
ments involved in the laser detection is imperfect [233, 234]. For instance, on Fig. 2.4(c),
cross-talk would be observed if the approach and retract curves were not superimposed
on the linear final part of the curve Zcanti(2piezo). Procedures have been developed to
compensate the cross-talk, consisting in performing several spectroscopy measurements
on a hard surface on the whole range of the piezo. The aim is to ensure that no cantilever

2This step is explained again in Sec. 4.2.2.2.
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deflection is measured when moving only in air, and a linear deflection of the cantilever,
as a function of the piezo position Zcanti(%piezo), is measured when forcing onto a hard
surface. On the Nanosurf AFM we use, the cross-talk compensation constitutes a step
of the automatized calibration of the apparatus. This calibration should be done es-
pecially when working with patterned samples with a high variation amplitude of the
topography.

2.1.2.4 Measuring surface topography of wet and dry samples

The surface of dry and wet PNIPAM films are visualized by AFM, respectively using a
sharp and standard tip (Nanosurf, model Dyn190Al, fonom = 190kHz and kcantinom =
48 N/m) in tapping mode, and using a thin cone-shaped tip (Nanosensors, model gp-
BioAC-Cl, fonom = 30kHz and kcantinom = 0.06 N/m) in contact mode.

The advantage of tapping mode is the non-invasive aspect. Indeed, the probe only
touches the surface intermittently, which reduces the risk of damaging a fragile sample.
This technique is used to image the dried PNIPAM films. To approach the probe to
the sample, and thus define the feedback, the amplitude of the cantilever vibration is
prescribed far from the sample (0.5V in the experiments presented in this Chapter),
and referred to as free vibration amplitude. When approaching close to the sample,
the vibration amplitude of the cantilever is decreased by the interaction with the close
boundary. We consider that the tip has approached the sample when the resulting vi-
bration amplitude of the cantilever is 50% of the free vibration amplitude. The feedback
loop will maintain the cantilever oscillation amplitude at that given threshold. A region
to measure is delimited, then the scan head moves in lines to browse all the region. In
tapping mode, the speed of motion of the scan head can be less than 1s per line, thus
an image is typically recorded in 10-15 minutes.

The advantage of the contact mode is that the tip follows the surface of the sample,
with less risk of losing track of the surface. This technique is used to image the swollen
PNIPAM hydrogels, that are particularly fragile and difficult to measure. The precise
protocol was developed in collaboration with Henrik Peisker from Nanosurf instruments,
in Langen (Germany) °. The approach of the probe close to the sample is defined by a
setpoint in force, first at 10 nN. The experiment is started. Then the setpoint is slowly
reduced step by step to minimize the indentation of the swollen hydrogel. The electronic
tuning of the feedback is adapted at the same time. When reaching 2 — 3nN in force
setpoint, the image is started again with the fine-tuned parameters. In contact mode
in water, the experiment has to run slowly, thus an image is typically recorded in 1-2
hours. Yet, when starting the record, the user should always verify that enough water
is present on the sample, not to run out of water before ten end of the measurement.

2.2 Results

2.2.1 Topography of dry polymer films

A major part of the AFM images obtained on dry PNIPAM films that are shown in
this Chapter were recorded by Clemence Gaunand, intern in the team for a few months.
The project presented here started with the observation of a pattern at the surface of
a grafted PNIPAM film, in a context where flat and thin gels were needed. For the
Surface Force Apparatus experiments presented in Chapter 5, the flatness of samples
was systematically checked and the dry thickness was measured by AFM, for a given set

3The present collaboration benefited from EUSMI TA support, which allowed to travel to site.
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20 nm

FIG. 2.5. First observation of a dry, patterned PNIPAM film. (a): AFM image
of a flat PNIPAM film, for reference. The measured thickness is Tqry = 54 = 3nm. The
sample was fabricated using a spin-coating velocity of wspin = 3000rpm and a polymer
solution concentration of cpnipam = 1%. The little red square indicates a color code
referring to flat samples. (b): AFM image of the destabilized surface of a PNIPAM
films, exhibiting a complex pattern. The measured thickness is Tqry = 324 £20nm. The
sample was fabricated using a spin-coating velocity of wspin = 4000rpm and a polymer
solution concentration of cpnipam = 3 %. The little green square indicates a color code
referring to samples with such a morphology. (c¢): Zoom on a fault observed at the
surface of the same sample as in (b). In (a), (b) and (c), the white bar represents 1 pm.

of fabrication conditions. Within this context, a pattern with an unusual morphology
was observed at the surface of a PNIPAM film grafted onto a glass substrate. In this
following subsection, we show the first patterned surface we observed. Then we show
different patterns characterized by different morphologies in the dry state. Finally we
compare the results to the morphology observed in the wet state.

2.2.1.1 First pattern

In this subsection, we exhibit an image of the patterned PNIPAM film that started the
project presented in this Chapter. Such an AFM image is obtained from raw imaging
data after a few treatment steps, that are detailed in Appendix A.1. In Fig. 2.5(a)
we show an AFM image of a flat sample, as a reference of what is desired, while in
Fig. 2.5(b) we show an image of the destabilized surface of a dry PNIPAM film. The
first dry film was fabricated using a PNIPAM solution at cpnpam = 1% and a spin-
coating speed of wspin = 3000rpm. The thickness of the dry film is measured by AFM
at Tqry = 54 £ 3nm (see Appendix A.2 for the details of the thickness measurement
technique and the estimation of the error). The second, patterned film was fabricated
using a PNIPAM solution at cpnipam = 3 % and a spin-coating speed of wgpin = 4000 rpm
and the obtained thickness is measured at 74,y = 324 4= 20nm. In the case of the first
film, we observe a nanometric surface roughness, without defined morphology. In the
case of the second film, that is thicker, we observe a regular pattern with a defined shape,
characterized by smooth hollows and bumps, with small and sharp faults on the top of
the bumps. In Fig. 2.5(c) we show a zoomed image of such a fault, with three branches.

In summary, we observe here that the thinner sample exhibits no pattern, while the
thicker one does. In the following, thin samples exhibiting only a nanometric surface
roughness without defined morphology are qualified as flat by opposition to samples
exhibiting patterns with defined shapes. To understand where the pattern comes from,
in the next subsection we investigate the surface topography of two samples of different
thicknesses, at different steps of the fabrication process.
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FIG. 2.6. Topography of a PNIPAM film during the fabrication process(a): Af-
ter spin-coating and soft-baking steps, a uniform layer of the mizture of melt polymer and
cross-linker agent is observed (Tmery = 2.8 um). (b): After deep-UV curing, the sample
is cross-linked and has a flat surface (Tewea = 2.6 pm). (c): After the first rinsing-
and-drying step, with water, we observe a pattern at the surface of the PNIPAM film
(Tary = 1.8 um). The little blue square indicates a color code, referring to samples with
such a morphology. (d): After the second step of rinsing-and-drying, with isopropanol,
we make the same observations as in (¢) (Tary2 = 1.55 um). The sample was fabricated
using a spin-coating speed of wepin = 3000rpm and a polymer solution concentrated at
cpNipaM = 9%. The white bar represents 5 pum.

2.2.1.2 Emergence of a pattern during the fabrication process

To understand which step of the fabrication process produces a patterned surface, a new
sample is prepared and imaged at several stages. In Fig. 2.6, we show AFM images
of a PNIPAM film of resulting dry thickness 74,y = 1.6 um, at different stages of the
preparation protocol. The PNIPAM film which is used in the present subsection was
prepared from a polymer solution at cpnpant = 9 % and using a spin-coating velocity of
Wspin = 3000 rpm. The thickness of the film is also measured at each stage.

A first AFM image, that is presented in Fig. 2.6(a), shows the surface topography of
the PNIPAM film just after spin-coating and evaporation of the solvent. A nanometric
surface roughness is observed, without any defined shape. In this case, we observe
only a flat and uniform film of a mixture of melt polymer and cross-linker agent. The
measured thickness of the film is Tyer = 2.8 um. A second image is recorded just
after UV-insolation for 3 hours, and is shown in Fig. 2.6(b). Surface roughness is also
observed, albeit the fact that the sample was sticky, which made the image difficult to
obtain. The thickness is slightly smaller, with 7.yeq = 2.6 um, which indicates that
the chemical reaction occurring thanks to the UV-insolation makes the material denser.
A third AFM image, that is presented in Fig. 2.6(c), is recorded after a first rinsing
with water and subsequent drying. At this step, we observe a defined pattern, whose
morphology will be described in detail in a next subsection. Furthermore, the measured
thickness is significantly smaller than before rinsing, with 74,y 1 = 1.8 um. A smaller
thickness indicates that the rinsing-and-drying process has removed matter, such as the
excess of cross-linker agent, or free polymer chains. Finally, a fourth image is shown in
Fig. 2.6(d), after a rinsing-and-drying cycle, using isopropanol instead of water as the
rinsing solvent. We make the same observation as at the previous step: a precise pattern
is observed, and is similar to the one observed on the previous image. The measured
thickness is slightly smaller, with 74,y 2 = 1.55 um. As for the previous step, some excess
of material has been rinsed out.

In summary, we observe that the pattern appears after the first exposition to a
solvent, which can be either water or isopropanol, and subsequent drying. To go deeper
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FIG. 2.7. Comparison of patterns before and after immersion in a solvent and
drying. AFM images of samples before (top row) and after (bottom row) immersion
into a solvent and drying. (a): The PNIPAM film was immersed in water. The mea-
sured thickness is Tqry = 2321m, obtained using a spin-coating speed of wepin = 3000 rpm
and a polymer concentration of cpnrpam = 2%. (b): In water. The measured thickness
is Tary = 1.8 um, obtained using a spin-coating speed of wspin = 3000rpm and a poly-
mer concentration of cpnipam = 10%. (¢): In acetone. The measured thickness is
Tdry = 2.95 um, obtained using a spin-coating speed of wspin = 1000rpm and a polymer
concentration of cpntpam = 10%. (a-c): The white bar represents 5 pm. The three white
crosses are placed on remarkable spots to guide the eye in the comparison between the
top and the bottom rows.

in details on the influence of swelling into a solvent, in the next subsection we compare
the obtained pattern before and after a given swelling-drying cycle.

2.2.1.3 Reproducibility of the pattern with swelling-drying cycles

The first swelling-and-drying step is responsible for the apparition of patterns at the
surface of grafted PNIPAM films. In the present section, we investigate the influence of
an extra swelling-and-drying step on the drawing of the pattern. We thus use samples
that already exhibit a defined pattern, and make a first AFM image on a given region
of each sample. The samples are exposed to a given solvent, then let to dry, and their
surface topography is measured again, on the same region as much as possible.

On the top row of Fig. 2.7, we show AFM images of three samples, of respective dry
thicknesses 74y = 232nm, 1.9 um and 2.95 um, that exhibit patterns at the end of the
fabrication process. The two first samples are then immersed into water and the third
one into acetone. After complete drying, the topography of each sample is measured
again at the same spot, as shown on the bottom row of Fig. [2.7. For the three samples
presented here, the region of measurement was found again, within a shift of 20 ym. We
observe exactly the same pattern. Albeit a slight decrease in amplitude for the pattern
of the second sample (see Fig. 2.7(b)) and the lower quality of the after-immersion image
of the first sample (see Fig. 2.7(a)), each pair of images could be superimposed for the
three samples. In summary, once formed after the first exposition to a solvent, the detail
of surface patterns is fixed and irreversible to subsequent swelling-drying events. This

33



CHAPTER 2. TRANSITION IN MORPHOLOGY AT THE SURFACE OF
GRAFTED HYDROGEL THIN FILMS

observation is consistent with observations on swollen gels reported in the literature [164],
and contrasts with compressed elastomers which exhibit reversible creases.

Since the beginning of Sec. |2.2.1, samples exhibiting different patterns have been
studied. In the next subsection we explore the variety of patterns observed at the
surface of PNIPAM films, as a function of the thickness.

2.2.1.4 Distinct morphologies on dry samples

Following the preliminary observations presented in the previous subsection, different
grafted PNIPAM films with different thicknesses are prepared. In Fig. 2.8 we show
AFM images of six different samples, with increasing thickness. The flat sample already
shown in Fig. 2.5(a) is reproduced here, in Fig. 2.8(a), as the thinnest sample of the series.
Increasing the thickness, in Figs. 2.8(b) and (c) we observe at the surface of the PNIPAM
films a defined pattern, reminiscent of the brain or intestine structure. Such shapes
resemble the singular patterns typical of a creasing instability, observed on the surface
of elastomers subject to in-plane mechanical compression or swollen gels |30} [122] 124,
1291135, 1361, 143, {144} 235-238]. This comprises smooth upper peaks separated by sharp
plunging creases. In the following, we refer to this morphology as brain-like pattern. Still
with increasing thickness, in Figs. 2.8(e), (g), (h) and (i) we observe a completely different
type of pattern, with a defined morphology. The present shape is similar to the one of
the first observed sample, of which an AFM image is shown in Fig. 2.5(b). We observe a
regular pattern, exhibiting smooth hollows and bumps, with small and sharp faults on the
edges of the bumps. The small and sharper peaks are reminiscent of the creases observed
on previous samples. In the following, we refer to this morphology as wvolcano pattern.
The distinction between pattern types is moreover rationalized by quantitative criteria
based on the height distributions, detailed in Appendix. A.3. Finally, Figs 2.8(d) and
(f) show the surface image of an intermediate-thickness sample. We observe a transition
regime in morphology, exhibiting features of both the brain-like pattern and the volcano
pattern.

From the observations of pattern types with varying thickness, of which a few exam-
ples are shown in Fig. 2.8, conditions on the dry thickness arise for observing patterns.
First, we observe no defined pattern for samples thinner than a threshold thickness
Tary < 70nm. Second, we observe that samples with an intermediate range in thickness,
70nm < 7q;y < 1.5 pum, exhibit a brain-like pattern. Finally, we observe that thicker
samples, Tqry > 2 um, exhibit a volcano pattern.

2.2.1.5 Elements of discussion

In previous subsections, we observed that the swelling-and-rinsing step triggers the ap-
parition of patterns. The swelling ratio is defined as the ratio between the wet thickness
and the dry thickness, as:

Sp = Lwet, (2.5)
Tdry

For the PNIPAM films presented in this Chapter, the wet thickness of the samples was
also measured. The swelling ratio is estimated to be Sg = 3.5, for samples thicker than
Tary > 150nm, which is consistent with results from Li et al. [1]. The swelling ratio is
related to the mechanical strain € in the vertical direction, as:

e=v(Sg —1). (2.6)

Thus, for swollen samples with dry thickness thicker than 74,y > 150nm, a mechanical
strain of € ~ 0.62 is estimated in the wet state, taking a Poisson ratio of v = 0.25 [239,
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FIG. 2.8. Different morphologies of patterns at the surface of dry PNIPAM
films. (a-i): Surface topography of PNIPAM films with increasing thickness, measured
by AFM. The spin-coating speed wspin, PNIPAM solution concentration cpnipam and
resulting thickness Tary are indicated in the table below for each sample. On each image,
the white bar represents 5 pym, and the colored square indicates the pattern type, following
a color code. (a): The sample is flat (red square). (b) and (c): We observe brain-like
patterns (purple square). (d) and (f): Transition regime (light blue square). (e) and
(g-1): Volcano pattern (green square). (j): Table giving the spin-coating velocity wspin
and the concentration of the polymer solution cpnipam used to fabricate each sample, as
well as the measured thicknesses Tqry.

240]. The latter strain is greater than the critical threshold strain of ¢, = 0.35, which
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corresponds to a swelling ratio of S & 2.4, above which creases can be observed [122,
123], 1127, 128, [157].

Yet, we observe that the swelling ratio decreases monotonically on decreasing the
sample thickness below 74,y < 150 nm, which is still confirmed by results from Li et al. [1].
Indeed, swelling is strongly affected by the surface attachment for ultrathin PNIPAM
films. Moreover, for samples with 74,y < 70nm, we observe no pattern. This suggests
that osmotic stresses produce a mechanical strain at the critical threshold ¢, = 0.35
for swollen samples of dry thickness 74, ~ 70nm. Below that thickness threshold,
the osmotic stresses generate a swelling and a mechanical strain that are insufficient to
destabilize the surface in the wet state. On the contrary, above that thickness threshold,
the osmotic stresses generate a swelling and a mechanical strain that are sufficient to
destabilize the surface of wet samples, and result in creases.

In summary, for samples such that 74,y > 70 nm, the mechanical strain due to swelling
is enough to trigger a surface instability in the wet state. However, in the previous
sections we showed observations that were made only on dry films. Thus, in the following
section we investigate patterns observed at the surface of swollen PNIPAM gels.

2.2.2 Topography of swollen polymer gels

To understand the morphologies of patterns observed at the surface of dried PNIPAM
films, we investigate the surface aspect on swollen films. Wet hydrogels are ultra-soft
materials, composed of about 80 % of water, which makes them particularly challenging
to probe by AFM. In Fig. 2.9 we show AFM images of six swollen PNIPAM hydrogels on
the top rows, and compare with AFM images recorded on the same samples, but in the
dry state, shown on the bottom rows. In the next paragraph, we describe the observed
surfaces in the wet state and compare them with those obtained in the dry state, with
increasing thicknesses measured on dried films.

In Fig. 2.9(a), we exhibit in both the wet and the dry states, the surface topography
of an ultra-thin sample (74;y = 24nm), that is flat in the dry state. We observe on the
resulting topography in the wet state a nanometric surface roughness, without defined
morphology, thus still a "flat" surface. In Figs. 2.9(b-d), the surface topography of
samples exhibiting a brain-like pattern in the dry state is shown, in both the dry and
the wet states. We observe surface patterns on the swollen gels, reminiscent of brain-
like patterns observed on the same samples in the dry state. For the sample shown in
Fig. 2.9(b), the pattern observed presents feature of creases, but the latter is not easy to
classify only looking at the AFM image. Yet, creases are clearly observed on the samples
shown in Figs. 2.9(c) and (d). The little pink square indicates a color code and refers to
the creased pattern observed at the surface of swollen gels. Finally, in Figs. 2.9(e) and
(f), the surface topography of two samples exhibiting respectively a transitional pattern
and a volcano pattern in the dry state are shown, in both the dry and the wet states.
We again observe a creased pattern in the wet state, similar to the brain-like pattern
observed on thinner samples in the dry state.

In summary, the pattern observed at the surface of swollen PNIPAM films is typical
of a creasing instability, similarly to the brain-like pattern observed on dried samples of
intermediary thickness (70 < 74ry < 1500nm). Such patterns have been already observed
on soft and swollen gels [30, 122, 135, 136, 143, 144, 235, [237]. However, patterns on
dried films are rarely reported [124], as well as the link between both. Finally, the volcano
pattern is not reported in the literature to our knowledge, except in one figure of Ortiz
et al. [124], without further description. We reproduce the latter image in Fig. 2.10, for
comparison.
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FIG. 2.9. Morphology of patterns at the surface of wet PNIPAM films. (a-f):
Surface topography of samples of increasing thickness, in the wet state (top rows) and
in the dry state (low rows), measured by AFM. The spin-coating speeds wspin, PNIPAM
solution concentration cpnipam and thickness measured on dried films vy are indicated
in the table below for each sample. On each image, the white bar represents 5 um, and
the colored square indicates the pattern type, following a color code. (g): Table giving the
spin-coating velocity wspin and the concentration of the polymer solution cpntpam used to
fabricate each sample, as well as the measured thicknesses Tary. The images in the wet
state were obtained from a collaboration with Henrik Peisker from Nanosurf Instrument,

benefiting from EUSMI TA support.
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FIG. 2.10. Volcano pattern reported in the literature. Figure 6 from Ortiz et
al. , showing an AFM image of a 800 nm-thick dried film of a copolymer of PNIPAM
and methacroyloxybenzophenone (MaBP). The observed pattern is similar to the volcano
pattern observed and presented in this Chapter.

2.2.3 Elasticity of dry and wet PNIPAM films

Following topography measurements, force spectroscopy measurements were performed.
On dry PNIPAM films, measurements were performed using a Bruker probe, model
RTESPA-300, of nominal stiffness kpor, = 40 N/m and nominal resonance frequency
fonom = 300kHz. The analysis protocol of the raw spectroscopy data is detailed in
Appendix [A.3. The processing of the force-distance curves is done using the AtomicJ
software . The measured Young’s modulus is Eg, ~ 700 £ 100 MPa (the technique
is explained in Sec. 2.1.2.2)), and the measurement is almost uniform over a given pattern.
Details are shown in Appendix|A.4. The measured value of the Young’s modulus is higher
but in the same order of magnitude as that of a glassy polymer . We note that a
higher measured value may be due to the use of an indentation-based technique [243
244).

On wet samples, the experiment was performed in collaboration with Henrik Peisker,
on a Nanosurf FlexAFM, whose particularity is to use an infrared laser to monitor the
cantilever deflection. We used a BudgetSensors cantilever, model Tap150GD-G, of nom-
inal stiffness knom = 5N/m and resonance frequency fonom = 150kHz, in silicon, and
adapted for probing fragile and soft materials. In Fig. 2.11, we show results of spec-
troscopy performed on a swollen PNIPAM hydrogel, of dry thickness 74,y = 950 nm,
fabricated using a spin-coating speed of wspin = 2500 rpm and a PNIPAM solution con-
centration of cpnpam = 5%. In Fig. 2.11(a), we show an AFM image close to the
investigated region (a shift of < 50 um is due to a change of cantilever between the
topography and the spectroscopy measurements), for reference. Then, a measurement
grid of 40 x 40 points was defined on a 30 x 30 um window. In Fig. 2.11(b), we show the
measured Young’s modulus as a function of the z, y-position of the measurement. Inter-
estingly, the pattern shown on the AFM image can be guessed on the Young’s modulus
map. The Young’s modulus varies with the topography: the swollen gel is softer on the
top of the bumps than in the depth of the dips. The latter observation may be due to
an inhomogeneity of solvent fraction at the surface, with the topography variations, as
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FIG. 2.11. Measurement of the Young’s modulus of swollen PNIPAM hydro-
gels. (a): AFM image of the investigated region. The PNIPAM film shown here was
fabricated using a spin-coating speed of wWspin = 2500 rpm and a polymer solution concen-
tration of cpnpam = 5 %. The resulting dry thickness is measured to be Tqry, = 950 nm.
The white bar represents 5 um (b): Measured Young’s modulus E as a function of the
x, y-position of the measurement. (c): Histogram of the measured values of the Young’s
modulus E£. We retain the value E = 35 £ 5 kPa.

the elastic bulk modulus is known to vary with the solvent volume fraction .
In the upper regions at the top of bumps, the polymer network may be more stretched,
and thus the gel may contain more water. On the contrary, in the deeper regions, the
polymer matrix may be more compressed by the singular shape of creases, and thus the
volume fraction of water may be lower. As a result, regions containing more water would
be softer.

From the map of the measured Young’s modulus, statistics were computed. An
histogram of measured values is shown in Fig. 2.11(c). We retain a Young’s modulus
value of Fyet ~ 35+ 5kPa, which corresponds to the average Young’s modulus measured
towards the top of bumps, where no singularity changes drastically the surface shape.
Again, the measured value is higher but in the same order of magnitude than values
from the literature for swollen PNIPAM (E = 8 kPa), which can be due to the use of an
indentation-based technique with sharp probes , .

The measurements of Young’s modulus in both wet and dry conditions reveal drasti-
cally different stiffnesses. Indeed, the Young’s modulus of PNIPAM is known to sharply
increase by several orders of magnitude at the glass transition . In both cases, we
measure higher values than expected, but in a correct range. In the next subsections,
we present the techniques we used to characterize quantitatively the different patterns
observed at the surfaces of both swollen and dried samples.

2.2.4 Quantitative analysis of AFM images
2.2.4.1 Height profiles extracted from surface topography

Two examples AFM images of patterned PNIPAM hydrogels are shown in Fig. [2.12.
Figures 2.12(a) and (b) show typical brain and volcano patterns, respectively. To extract
a wavelength and an amplitude from a given image, the height profile of the destabilized
surface is plotted along a line, as shown below each image. The wavelength A, of the
pattern is deduced by counting the spatial periods over the extracted height profile,
and averaging. The average amplitude A, of the pattern is also deduced from the
height profile. The process is repeated between 10 and 20 times for a given image,
and the results are averaged. For the example of brain pattern shown in Fig. 2.12(b),
the extracted wavelength and amplitude are A\, = 0.6 £ 0.3 pm and A, = 20 + 3nm,
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FIG. 2.12. Extraction of the wavelength and amplitude from AFM images. (a):
Topography of a dry PNIPAM hydrogel sample, exhibiting a typical brain pattern, of dry
thickness Tary = 152nm, obtained from a polymer solution at cpntpam = 2% and a
spin-coating velocity of wepin = 3000rpm. The height profile shown in the panel below
is extracted from the mauve line indicated on the AFM image. (b): Topography of
a dry PNIPAM hydrogel sample, exhibiting a typical volcano pattern, of dry thickness
Tdry = 2695 nm, obtained from a polymer solution at cpnipam = 9 %, and a spin-coating
velocity of wepin = 1000rpm. The height profile shown in the panel below is extracted
from the light green line indicated on the AFM image.

respectively. For the example of volcano pattern shown in Fig. 2.12(a), the extracted
wavelength and amplitude are A\, = 19.5 £ 1.1 ym and A, = 660 = 41 nm, respectively.
The method to extract the wavelength A, and the amplitude A}, from an AFM image,
that is detailed in the previous paragraph, has been used to analyze all the AFM images
of the project presented in this Chapter. A 2D-Fourier analysis was also tested. However
the results given by the hand-based method are better. Indeed, an image typically shows
between 5 and 20 spatial periods, which is not enough to precisely compute the Fourier
transform in all cases. In the next subsections, we study the measured wavelengths and
amplitudes, for the different morphologies, as a function of the thickness in the dry state.

2.2.4.2 'Wavelength and amplitude of the different patterns

From surface topography measured by AFM, patterns are characterized quantitatively
by measuring the wavelength and amplitude, in both wet and dry conditions. The dry
thickness 74,y is systematically measured on each investigated sample. In Figs. 2.13(a)
and (b), the wavelength A\, and amplitude A, are respectively shown as a function of
the PNIPAM film thickness in the dry state 74,,. In the following, we first detail the
observations about the wavelength, before turning to the amplitude.

Wavelength: The wavelength of the instability )\IVDVEt observed at the surface of swollen

gels seems to increase monotonically with the initial, dry thickness 74,y, on the full range
of achieved thicknesses. In the previous section, qualitative observations of patterns at
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FIG. 2.13. Wavelength and amplitude of surface patterns. (a): Wavelength X\,
as a function of the dry thickness Tqry. The different morphologies are indicated by the
color code and the legend. The data of Ortiz et al. on block-co-polymer (PNIPAM:-co-
MaBP) films are reproduced , and correspond to the black squares. A tramsition
takes place at a critical wet thickness comparable to the wet elasto-capillary lengthscale
Twet & SRTdry ~ I3 (light blue dashed line). (b): Amplitude A, as a function of the
dry thickness Tqry. Light pink crosses stand for the amplitude of wet patterns Aget as a
function of wet thickness Twet = SRTdry-

the surface of swollen gels showed that one type of pattern is clearly recognized. The
latter is typical of a creasing instability. However, for dried films, we observe two regimes
depending on the thickness in the dry state 74ry. In both the thin and the thick-film
regimes, the wavelength )\gry increases monotonically with the dry thickness 74y, yet
with a different prefactor. Additionally, in the thick-film regime, the prefactor is twice
the one in the thin-film regime. Thus, we observe a period-doubling at the transition.
Moreover, the two regimes correspond to the two types of morphologies we observed
in the previous section. In the thin-film regime, brain-like patterns are identified at
the surface of dried films, and in the thick-film one, volcano patterns are identified. A
transition happens at the crossover between these two regimes in thickness, at a critical
dry thickness of about 74,y &~ 1.86 um, that we will discuss in a following section.
Additionally, the transition in thickness corresponds to the transition in morphology
previously observed. Finally, in the thick-film regime we observe that the wavelengths of
swollen and dried gels are comparable among the investigated samples. In the thin-film
regime, we observe that the wavelength of swollen gels is twice the one of dried films.
By generalizing the latter statements, we estimate the wet wavelength of each sample,
as:

(2.7)

)\E’et = 2)\gry’ for Tdry < Tdry,c
t _ y\d
)\;Ve = )\pry, for Tdry > Tdry,c»

with 74y = 1.86 pm.
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For a matter of comparison, the results of Ortiz et al. [124], obtained with dried films
of PNIPAM copolymerized with methacroyloxybenzophenone (MaBP), are also included
in Figs. 2.13(a), for reference. Even if their focus is on submicron thick gels, their work
mentions also a greater wavelength for samples thicker than a critical thickness, which
is about 400 nm in their case, and also exhibits a doubling of the thickness dependency.
Some of the AFM images presented in their work show creased patterns for samples
thinner than 400 nm, and one image of what we recognize as a volcano pattern for
a sample of dry thickness 800 nm (see Fig. 2.10). However the classification of their
images in pattern types remains difficult as they focus more on the study of rinsing
solvents, not on pattern shapes.

Amplitude: The amplitude of the instability A, is shown as a function of the dry
thickness 74y, in Fig. 2.13(b). First, a standard nanometric surface roughness is mea-
surable on dried films thinner than 70 nm, which exhibit no pattern. Then, for dried
films thick enough to show a pattern (74;y > 70nm), we observe two regimes depending
on the dry thickness 7q4ry, as for the wavelength. In the thin-film regime, the amplitude
Agry increases linearly with the dry thickness 74,y. Yet, in the thick-film regime, the
amplitude Agry increases with the dry thickness 74, as a power law, with an exponent
2. Moreover, as for the wavelength, the two regimes in thickness correspond to the two
pattern types described in previous sections, which are brain-like and volcano patterns.
The crossover between the two regimes appears at the same critical dry thickness as for
the wavelength, 74ry . = 1.86 pm. At the pattern transition thickness, we observe a sharp
increase in amplitude. Additionally, the amplitude of the pattern observed at the surface
of swollen gels seems to scale linearly with the initial, dry thickness of the films 7q4,y,
with some dispersion of the data. Such a linear dependency of the amplitude as a func-
tion of the thickness is also observed for dry brain-like patterns, that are similar to the
creased pattern observed on swollen gels. However, the prefactor is greater in the case
of swollen gels. Now, by taking into account the increase of the thickness with swelling,
by a factor which is the swelling ratio Sgr, we consider the amplitude as a function of
the wet thickness Tyet instead. This comes down to apply a factor Sy (represented by
the pink arrow on Fig. 2.13(b)). Then, the wet amplitude A" scales linearly with the
wet thickness Twet, and with a similar prefactor as the dry amplitude Agry as a function
of the dry thickness 74,y in the thin-film regime.

For a matter of comparison, the results of Ortiz et al. [124], obtained with dried films
of PNIPAM-co-MaBP, are also included in Fig. 2.13(b). Their data would show a convex
tendency, on five data points, which is not enough to conclude about a transition from
a linear to a power-law regimes in the thickness dependency of the pattern amplitude.

2.3 Discussion: dry patterns resulting from wet patterns
at the surface of polymer films

In Sec. 2.2.1.2 we observed that patterns appear at the surface of dried PNIPAM films
after the first exposition to a solvent. Then, observations made on AFM images in
Sec. 2.2.2 showed that the swollen and the dried cases are distinct by morphology. Ad-
ditionally, the more quantitative observations made on both the wavelength and the
amplitude as a function of the initial, dry thickness 74y, detailed in the two previous
subsections, show that the distinction is also quantitative, in terms of scalings and pref-
actors. In the following subsection, we aim to understand the links between the different
observed patterns and their features.
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2.3.1 Apparition of two regimes upon drying

When swollen, PNIPAM films exhibit one regime in morphology, characterized by creases,
while when dried, they exhibit two regimes characterized by distinct morphologies, that
we call the brain-like and the volcano patterns. Thus, when drying, the mechanics of
(in)stability of the surface becomes different depending on the thickness of the gel. We
define the wet elastocapillary length [%* based on wet mechanical properties, as the
result of a balance between surface tension and volume elasticity, as:

Wi Y

et — el (2.8)
with ~ the interfacial tension between swollen PNIPAM hydrogel and air, and G the
shear modulus of swollen PNIPAM. We recall the link between the shear modulus G

and the Young’s modulus F:
E

G = m, (2.9)
with v the Poisson ratio. Thus, for swollen PNIPAM, we compute first a shear modulus
of 14kPa, based on our measured value of the Young’s modulus, which is £ = 8kPa
(see sec. 2.2.3), and taking a Poisson ratio of 0.25 from the literature [239} 240]. Then,
we compute a wet elastocapillary length of I%*' = 3 ym, taking from the literature the
surface tension between swollen PNIPAM and air, v = 41.8N/m [246]. Keeping in
mind that our value of the Young’s modulus may be overestimated, the same calculation
can be done using the value from the literature £ = 8kPa [243], and leads to a wet
elastocapillary length of [¥¢* = 13.1 pm.

In Section|2.2.4.2, we observed that the transition in morphology happens at a critical
dry thickness of 74,y = 1.86 um, which corresponds to a critical wet thickness of Tyet,c =
SRTdry,c = 6.5 um. Indeed, as the transition in morphology appears upon drying, and
as the drying process starts from the wet state, we treat the problem in the wet state.
Finally, the critical wet thickness at which the transition on morphology happens is
comparable to the wet elastocapillary length Tyet e ~ I3, More precisely, the obtained
critical wet thickness Tyet ¢ is comprised between the wet elastocapillary length computed
from our measurement of the Young’s modulus and the one computed from a Young’s
modulus value given by the literature.

In summary, the wet thickness 7wet of PNIPAM hydrogels determines the final mor-
phology of the surface instability in the dry state, after a complete drying. For samples
thicker than the wet elastocapillary length in the wet state, 4.e. Tyet = [%, bulk elasticity
dominates over surface tension. As a result of drying, we observe a strongly destabilized
surface, whose amplitude increases with thickness as a power law. The shape changes
upon drying. For samples thinner than the wet elastocapillary length in the wet state,
Qe Twet S 1% surface tension dominates over bulk elasticity. As a result of drying,
we observe a surface instability that keeps the same shape, yet the spatial frequency of
pattern is multiplied by two. To conclude, a track to explain the observed features on
dry PNIPAM films is thus to understand the transition from the wet to the dry states,
which implies to understand the features observed on wet PNIPAM films. In the fol-
lowing, we propose a quantitative scaling for the observed wavelength, based on the one

observed on swollen gels.

2.3.2 Rescaling on swollen-gel data

To understand the observed patterns on dried films, one must first understand the ones
on swollen gels, following the chronology of the rinsing-drying step that reveals patterns.
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FIG. 2.14. Rescaled wavelength and amplitude of surface patterns. (a): Fz-
pected wavelength Awet on a swollen sample as a function of expected wet thickness
Twet = ORTdry- 1LThe wet wavelength Awet scales linearly with the dry thickness Tqry,
albeit a logarithmic correction indicated on the panel, given in Eq. (2.10). (b): Ampli-
tude scaled by film thickness Agry /Tdary when dried, as a function of the wavelength )\gry
(open circles). Wet amplitude scaled by the wet thickness, A,/(SrTary), as a function of
the wet wavelength \X¥°* (magenta crosses).

Thus, in Fig. 2.14(a), we show the estimated wet wavelength )\‘F’)Vet as defined by Eqs. (2.7),
as a function of the estimated wet thickness, Twet = SrR7ary. We observe that all the
data for brain-like patterns, volcano patterns and creases observed on wet films follow
the same apparently-linear trend, with the same prefactor. Indeed, in the wet state, all
the observed patterns are identified as coming from a creasing instability, thus finding a
common scaling is consistent.

Furthermore, finer scalings were derived for the wavelength at the surface of a creased
surface, as a function of the initial thickness, in both the cases of an expanding elas-
tomer [144] and a swelling gel [143]. The swelling gel is modeled as an elastic material,
fixed at a bottom interface and expanding in the free direction, perpendicularly to that
interface. Surface tension intervenes to balance bulk elasticity. In this framework, de-
veloped by M. Ben Amar, J. Dervaux and P. Ciarletta, the wavelength of the creasing
instability scales with the initial dry thickness, as:

AT Tary

Awet _
_1 44.9537qry \ ’
og\—5

(2.10)

with d a regularization length that we interpret as lggy, the dry elastocapillary length,

based on initial, dry mechanical properties, resulting from a balance between the elastic
shear modulus Gg,y and the surface tension ~:

dr Y
lecy =

. 2.11
Gy (2.11)

Thus, the wet wavelength )\gry scales linearly with the thickness 74,y, albeit a logarithmic
correction, involving the dry elastocapillary length (9%, The latter acts as a regulariza-
tion length, that tunes the importance of the logarithmic correction, brought to the
zeroth-order linear scaling. The dry elastocapillary length defines a threshold for the
apparition of creases: for an initial, dry thickness small compared to the elastocapillary
length, i.e. Tary S 19y surface tension dominates over volume elasticity. Thus, the sur-
face is not destabilized, resulting in a flat surface in the wet state. On the contrary, for
sample having an initial, dry thickness comparable or greater than the elastocapillary
length, i.e. Tary 2 19y bulk elasticity is sufficient to overcome surface tension. As a
result, the surface is destabilized, taking a singular shape characterized by the presence

of cusps, named creases.
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The experimental data shown in Fig. 2.13(a) can be compared to the theoretical
wavelength /\‘I’)Vet as a function of the dry thickness 7.y, given in Eq. (2.10). We performed
a non-linear fit of our data on the model, letting a prefactor and the elastocapillary length
lggy as two fitting parameters. In other words, we used the following equation to fit our
data:

dnTy

6 _ ry

Ay _0‘11 44,9537, ]’ (2.12)
og |52

with a7 and ag being free parameters. We exploit also the observation of the period
doubling, defined in Eq. (2.7). With this expectation of wavelength /\;Vet in the wet state,
our data for dried samples show an excellent agreement with the theoretical prediction of
Derveaux and Ben Amar [143], as shown by the best fit line represented on Fig. 2.14(a).
In this model, the agreement can be interpreted as surface tension smoothing out defects
that act as nucleation sites for crease formation and imposing an energy barrier between
the flat state and the creased state [158].

As a result of the fit, we obtain an estimation of the dry elastocapillary length, &Y =
ag = 152.7nm, and a prefactor vy = 3.46. Using the surface tension value from the
literature v = 41.8 mN/m [246|, we estimate first the shear modulus G = 274 kPa. The
link between the shear modulus G and the Young’s modulus F is recalled in Eq. (2.9). By
taking from the literature a Poisson ratio v = 0.25 239, |240], we finally obtain a Young’s
modulus £ = 684kPa. This estimation of the Young’s modulus corresponds to the
effective value the material would show in the dry state, if it was a rubber-like polymeric
material. Yet, PNIPAM exhibits a glass transition upon dehydration [107, 245], which
explains that our measurement of the Young’s modulus in the wet state is greater by
three orders of magnitude. Moreover, the calculation of the latter Young’s modulus is
based on the surface tension value v = 41.8 mN/m found in the literature [246], which
is measured for a swollen gel in contact with ambient air. To be more consistent, the
surface tension between dry PNIPAM and ambient air should be considered. The latter
can be expected to be higher, and thus lead to an even greater value of the Young’s
modulus.

The fit presented in this section is based on the strong hypothesis of period-doubling,
summarized in Egs. (2.7), which claims that in the thin-film regimes, the wavelength
in the wet state is exactly twice the one in the dried state. The validity of the latter
hypothesis is tested by performing the same fit on the same model, but with setting
the factor between the wavelengths in both the dry and wet states as a third fitting
parameter 3. In that case, we obtain a dry elastocapillary length l‘eicry = ao = 157.4nm,
a prefactor a; = 3.52 and a multiplying factor between the dry and wet wavelengths
a3 = 2.04. The results are detailed in Appendix |A.5. In conclusion, our results support
strongly the hypothesis of the period doubling formulated in Eq. (2.7).

2.3.3 The challenge of fabricating thicker samples

To measure the relative importance of the instability, in Fig. 2.14(b) we show the am-
plitude in both dry and wet conditions, scaled by the initial, dry thickness 74,y, as a
function of the wavelength. We observe that the relative amplitude for dried films in
the thin-film regime is constant with the wavelength, which is a signature of a form of
self-similarity of the creasing instability. The same observation can be made about data
from swollen gels, but the data is more disperse, and the prefactor is greater than in the
case of dried films. Finally, for dried films in the thick-film regime exhibiting a volcano
pattern, the relative amplitude scales linearly with the wavelength. We interpret the
latter feature as a signature of a highly unstable surface in the thick-film regime, as with
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FIG. 2.15. Proposition of a mechanism to explain the apparition of patterns
on PNIPAM films. PNIPAM films are grafted onto rigid substrates (first column,).
When exposed to a solvent, the PNIPAM films swell, resulting in creases at the free
surfaces (second column). When exposed to ambient air, PNIPAM swollen hydrogels
dry (third column). Depending on the thickness, the final morphology observed on dried
PNIPAM film corresponds either to a brain-like pattern (first row, thin-film regime), or
a volcano pattern (second row, thick-film regime).

increasing thickness the instability in the z-direction grows faster than in the in-plane
direction.

In the present project, one challenge was to fabricate the thickest samples. In-
deed, thicker samples were achieved by using a highly concentrated polymer solution
(cpntpaM = 15 % at the maximum), which is difficult to realize. Such a concentration
must be close to saturation, as the polymer takes hours to dissolve. Moreover, the ob-
tained solution is highly viscous, which limits diffusion and homogeneity. Finally, at
such a concentration, spin-coating does not ensure a uniform layer of deposited solution,
as we observe important ridges on sides.

Yet, an interesting feature of the amplitude measurement is that for the volcano
patterns, it scales as a power law of the thickness, thus having access to data from
thicker samples would be of a certain interest. Indeed, following the observed scaling of
the relative amplitude A, /74y, with the wavelength )\gry (or equivalently with the dry
thickness 7qyy), in principle, the relative amplitude could reach one, which is physically
unrealistic. Thus, with increasing thickness, a third, distinct regime could probably be
highlighted. In the work of Ortiz et al. [124], as well as in other published works
1152}, 154} 163, [247249], folding of a top layer is observed for thicker samples. With
such a change of geometry and instability direction, amplitudes greater than thicknesses
could be achieved.

2.3.4 Proposition of a mechanism

In the present subsection, we attempt to explain the observed patterns at the surface of
dried PNIPAM films, from observations made on swollen gels. The proposed mechanism
is schematized in Fig. 2.15. The formation of patterns at the surface of wet films, as a
result of swelling, is already well understood and described in the literature .
When a hydrophilic, polymeric material is brought in contact with water, the polymer
swells into the water and a gel is formed. Additionally, when the polymer is grafted onto
a glass substrate, surface-attachment constrains the gel to swell in only one direction,
perpendicular to the plane of the substrate (see Fig. 2.15, first and second columns).
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Such an anisotropic swelling results in an in-plane, compressive stress in the polymer
matrix. When the swelling is sufficient, 7.e. when the mechanical strain exceed a critical
strain above which the free surface is destabilized, creases form, which result in the
formation of the typical patterns observed at the surface of swollen PNIPAM hydrogels.

The drying process is initiated on a gel whose surface is already strongly destabi-
lized. Depending on the wet thickness, at the beginning of the drying phase, we observe
two regimes, that we rationalize with two possible scenarios. In the thin-film regime
(when the wet thickness is smaller than the wet elastocapillary length, Twet < l:geg),
the gel shrinks upon drying (see Fig. 2.15, third and fourth columns, first row). More
creases appear, as their wavelength (respectively their spatial frequency) scales with the
thickness (respectively the inverse of the thickness). Yet, as the surface is already desta-
bilized when drying starts, the pre-existing creases stay in place and the new creases
have to distribute symmetrically between the ancient ones. As a result, the multiplying
factor between the wavelengths in the wet and dry states is necessarily an integer num-
ber. We indeed observe that this integer number is two, exploiting the period-doubling
hypothesis.

In the thick-film regime (when the wet thickness is greater than the wet elastocapil-
lary length, Twet 2 l(ﬁfg), the solvent evaporates from the free surface upon drying (see
Fig. 2.15, third and fourth columns, second row). Previous works show that a crust forms
at the surface of a drying polymeric material [25, [27} 29, |166, 172, 173} |176|, character-
ized by a drastically lower solvent concentration than in the underlying layer of hydrated
polymer. In the case of PNIPAM films, a glass-transition may be observed [107], trig-
gered by dehydration, since PNIPAM is glassy at room temperature. As a result, the
crust that is formed by drying at the surface of a PNIPAM gel may be stiffer than the
still-hydrated gel underneath, by four orders of magnitude (see Sec. 2.2.3). Moreover, as
drying generates a loss of solvent, the stiff layer of the crust shrinks, and pulls the surface
of the still-hydrated swollen gel underneath. In such a situation, which is schematized
by considering a stretched, stiff and thin layer on a thick and soft material, numerous
published works showed that a wrinkling instability can appear [125, 131} (132, 145,
148H152} [163, 250]. The surface is destabilized, taking a regular, sinusoidal shape. In
our case, a wrinkling instability appears on an already-destabilized surface. As a result,
the wavelength of wrinkles and their spatial distribution are pre-selected. By opposi-
tion to the depth of creases, the bumped regions are less constrained and thus deform
further, creating an inversion of the topography. The resulting surface morphology is
characterized by a globally-sinusoidal profile, with scars of creases present at the upper
regions.

2.4 Conclusion

In the present Chapter, we have shown AFM images of grafted PNIPAM films that
exhibit surface instabilities, both in the wet and dry states, as a result of swelling and
drying processes. Irreversible and reproducible surface deformations were characterized
by their morphology: swelling leads to a creased pattern for films thicker than 70 nm,
while drying leads to two types of instability depending on their thickness. Dried films
respectively thinner and thicker than 1 pm show a brain-like and a volcano patterns. We
have shown that the wavelength and amplitude are prescribed by the thickness, and in
the case of dried films, by the pre-existing instability at the surface of wet gels. Finally,
we have exposed a mechanism based on observations and published works to rationalize
the apparition of different morphologies.
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To enforce our hypothetical mechanism that would explain the formation of the vol-
cano pattern, an estimation of the thickness of the evaporation-formed crust is desired.
Very recent published works could be applied to our system, to provide such a crucial
information [173]. Indeed, together with our measurements of elastic moduli, the ratio
of the different layer thicknesses upon drying would provide a quantitative theoretical
prediction for the wavelength of the instability [148-150, 250]. A comparison with our
experimental data on dried and thick PNIPAM films could finally allow to critically
assess our proposition of mechanism.

In the following Chapters, we will be interested in the mechanical response of poroe-
lastic materials to a pressure field generated by a nearby sphere, when immersed in a
solvent. We will use PNIPAM films as a model system for experiments. From a theo-
retical point of view, we will describe our experiments in lubrication conditions, using a
sphere-plane geometry, thus we will assume that the sample surface is flat. In practice,
the study of instabilities presented in this Chapter allows to predict exactly whether an
investigated sample of PNIPAM hydrogel is flat or destabilized, and how, depending on
its thickness. Thus, we will consider that the hypothesis of flatness hold when the wave-
length of the instability is short compared to a relevant length scale of the contactless
rheology to be defined later, if the sample is thick enough to show an instability.

The following Chapter sets the theoretical framework to describe the mechanical re-
sponse of a permeable, poroelastic substrate to any axisymmetric pressure field, in terms
of deformations. Both the cases of an infinitely-thick and a finite-thickness substrate will
be studied.
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Chapter 3

Mechanical response of a
permeable poroelastic gel to an
external pressure field

This chapter is inspired from published work on the mechanical response of a permeable,
poroelastic and infinitely-thick medium [251], included in Appendix E. The content of
the publication is intersperse between the present chapter and the next one, which fo-
cuses on colloidal-probe rheology of soft and porous gels.

The present Chapter aims to mathematically describe poroelasticity, inspired from
the context of soft-lubrication problems as presented in the general introduction, in
Sec.|1.5.2. Here, we derive a model to characterize the mechanical response of poroelastic
gels, in both cases of infinitely-thick and thin layers. Since we are interested in describing
gels in contact with a reservoir of solvent, a full-permeability boundary condition at the
gel-solvent interface is considered. Our focus contrasts with a previous study in the
impermeable case [110} |111], that is more relevant to methods involving direct solid
contact. In the first part, we expose the framework of linear poroelastic theory. In the
second part, we adapt this framework in the case of a permeable layer to the fundamental
situation of a punctual pressure field suddenly applied. In the third part, we derive a
mathematical solution to express the deformation profile of the gel in this fundamental
situation. We use the formalism of Green’s functions in axisymmetric conditions, as it
was done for purely elastic media in the context of soft lubrication [184} 189} 202} 208|
209, 212], or for a poroelastic but impermeable soft substrate [110]. In a last part, we
generalize the fundamental solution of the third part to any axisymmetrical arbitrary
pressure field.

3.1 Linear poroelastic theory

3.1.1 Equations of poroelasticity

The considered system is shown in Fig. |3.1. It consists of a gel that occupies the half-
space defined by z < 0 or a layer of space defined between —7 < 2z < 0, respectively
represented by Fig. 3.1(a) and Fig. 3.1(b) . We suppose that the mechanics of the gel is
described by the linear poroelastic theory. As mentioned in the introduction, this model

!The semi-infinite case described in Fig. 3.1(a) is published [251], article being included in Appendix|EL
The finite-size case described in Fig.|3.1(b) is not but comes from the same development.
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(a) (b)
P(r,t) P(r,t)
G-(r,t)
G(r,t) G,n,k,v,T
G,n, k,v Poroelastic substrate

Poroelastic substrate

FIG. 3.1. Semi-infinite and finite-thickness permeable poroelastic media de-
formed by a punctual external pressure field. A point-force pressure field
P(r,t) = Fod(r) is suddenly applied at t = 0 on the poroelastic substrate, and gener-
ates a surface deformation w(r,t). The latter is directly related to the Green’s function
G(r,t) by Eq. (3.50). We denote G, v, and k, the shear elastic modulus, Poisson ratio,
and porosity of the substrate, respectively, as well as n the shear viscosity of the sol-
vent flowing in the porous material. (a): Semi-infinite medium. (b): Finite-thickness
medium, where we denote T the thickness of the substrate.

was first established by Biot [10], and was adapted to model the migration of solvent
in elastomeric gels [110} 111, [214]. We take as a reference state a swollen gel, with a
homogeneous solvent concentration ¢, and where the chemical potential of the solvent
inside the gel is pg. The elastic deformation of the gel is characterized by the strain
tensor €. The latter is defined as the symmetric part of the displacement field gradient
tensor, as:

€= % [Vu+ (Vu)], (3.1)

where u denotes the displacement field with respect to the reference state. The solvent
mass being conserved, the concentration ¢ satisfies the continuity equation:

oc

—+V-J=0, 3.2
5 (3.2)
where the flux of solvent inside the gel is denoted J. The linear poroelastic theory
assumes that the solvent flow is driven by the gradient of solvent chemical potential p,

through the Darcy law:

k

J= —(W)Vu. (3.3)

Here, n and € are the viscosity and molecular volume of the solvent, respectively, and k
is the permeability that is on the order of the pore surface area of the swollen polymeric
network. The solvent and the polymer network are both assumed to be incompressible.
As a consequence, the local variations of volume of the polymer network are due to the
local changes in solvent concentration, which sets the incompressibility condition:

Tr(e) = V-u=(c—cp), (3.4)

where Tr is the trace. As discussed in Ref. [221], we expect that the free energy density
U of the gel is a function of the strain tensor and the concentration field. The work done
on a gel element is given by 0U = o;;0€;; + (1t — po)dc, where o is the mechanical stress
tensor. Nevertheless, due to the incompressibility condition in Eq. (3.4), the solvent
concentration is no longer an independent variable, and the free energy density only
depends on strain. The latter is supposed to follow the standard linear-elastic energy

density, i.e. U = G [e t e+ 1f2VTr2(e)}, where G and v are the effective shear elastic
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modulus and Poisson ratio, respectively. The stress tensor is then given by [221]:

o =2G[e+ ——Tu(e)1] - L0, (3.5)

1—2v Q

where I is the identity tensor. The difference in chemical potentials per molecular volume
appears as a hydrostatic pressure, often called pore pressure, and is obtained by enforcing
the incompressibility condition with a Lagrange multiplier. In the absence of body force,
the mechanical equilibrium is expressed by Navier’s closure equation:

V.o =0. (3.6)

3.1.2 Coupling between diffusion and hydrostatic pressure

Combining the Egs. (3.5) and (3.6) leads to:

Go <v2u bV co)) — V(- o). (3.7)

Invoking Eq. (3.3), Egs. (3.2),(3.4), and (3.7) form a closed system of five equations
for the five fields p, ¢, and the three components of u. Combining the latter equations
reduces the problem to a set of two coupled equations on the concentration field ¢ and
chemical potential p, as:

1_
V2 (0= o)~ 2692 (e - co)| =0 (3.80)
1—2v
Oc

Dpe Ve — 5 =0 (3.8b)

where we have introduced an effective, poroelastic diffusion coefficient

2(1 —v) Gk
Dpe = ———>—. .

Equation (3.8a) couples the chemical potential with the concentration, as the flow of
solvent is driven by gradients of chemical potential (or equivalently, gradients of pore
pressure). Equation (3.8b) describes the diffusion of solvent through the porous matrix,
with Dy of Eq. (3.9) constructed using macroscopic material parameters. Physically, a
mechanical stress would generate (i) a mechanical strain (by elasticity) and (ii) a gradient
of chemical potential (or pore pressure). The latter would generate a fluid flow, thus an
inhomogeneity of solvent and polymer concentrations.

We note lastly, however, that even while Dp, is constructed from these macroscopic
parameters, one can recover a molecular-scale diffusion coefficient. To make the corre-
spondence, we use the Stokes-Einstein relation for molecular diffusion, D, ~ kgT'/(na),
with kgT and a ~ Q3 the thermal energy and monomer size, respectively. Estimat-
ing furthermore the typical polymeric modulus G ~ kgT/(Na?), and the permeability
k ~ Na?, where N is a typical number of monomers between crosslinks in the network,
we find Dpe ~ Dy, upon substitution into Eq. (3.9).

3.2 Point-force driving of the gel deformation

In this section, we derive the response of a gel to a point force. We first describe
the boundary condition at the top interface, which applies for both thick and thin gels.
Secondly we distinguish an infinitely thick gel and a finite-size gel regarding the boundary
condition at the bottom interface. Then, we expose a path to resolve the calculation
which applies to both thick and thin gels, and use it in both cases. Finally, we illustrate
the theoretical results on the surface deformation of both thick and thin gels.
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X0+ <L
9

z2=—T—>

1
Z — —00 —»—t = Z LV

FIG. 3.2. Boundary condition The interface between the poroelastic substrate and the
reservoir of solvent at z = 0 is considered permeable and allows fluid exchange between
the reservoir and the substrate. The permeability condition is translated by the chemical
potential being fized to its equilibrium value at z = 0. (a): The substrate is infinitely
thick, thus in the limit z — —oco the stress and strain fields vanish and the concentration
field reaches its equilibrium value. (b): The substrate has a finite thickness T and is
bounded to a rigid boundary at the bottom. Thus the displacement field vanishes at
z = —7 and the gel is considered impermeable at the interface with the rigid boundary.

3.2.1 Description of the solvent-gel interface
3.2.1.1 Sudden application of an external pressure field

We now derive the response of the gel to a spatially delta-distributed force density applied
to the surface of the gel. Prior to the application of such a force, i.e. for times t < 0,
we suppose that the gel is in the (swollen) reference state with strain- and stress-free
conditions. For ¢t > 0, a point-force pressure source of magnitude Fy is suddenly applied
on the surface as represented in Fig. 3.1, This forcing drives a deformation of the gel
surface, and solvent flow within the polymer matrix. At the interface (i.e. z = 0 in the
reference state), the stress boundary condition is therefore given by:

o-e,=—Fyo(r)H(t)e,, (3.10)

where H (t) denotes the Heaviside step function and d(r) the Dirac distribution.

At infinitesimally small times after the point force has been applied, the solvent does
not have time to flow, so that the solvent concentration is the same as the one at ¢t < 0
as illustrated in Fig. 3.10(a), 7.e.:

c(ryz,t =0) = cp. (3.11)

3.2.1.2 Permeable solvent-gel interface

We suppose that the gel is in contact with a reservoir of solvent molecules as described in
Fig. 3.2, which sets the surface chemical potential to the reference equilibrium value pg.
Such a permeability condition allows for solvent exchange between the gel and the outer
reservoir, and is relevant to situations where the gel is immersed in a liquid phase (e.g.
its own solvent) with some affinity between the two. Thus, the permeable boundary
condition on the chemical potential at the interface reads:

w(r,z =0,t) = po. (3.12)

In a perspective of comparison, the same reasoning can be used to describe the
mechanical response of an impermeable gel. In that case, solvent exchange between the
gel and an outer reservoir is forbidden, thus the normal gradient of chemical potential
at the interface z = 0 vanishes. The impermeability condition is relevant to situations
where a solid object is in contact with the gel surface, thus where there is no reservoir,
or to situations where the gel is immersed in another liquid which is not miscible with
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the solvent of the gel. The impermeable boundary condition on the chemical potential
at the interface reads [110]:

o

—(r,z=0,t) =0. 3.13

L2 =0,1) (3.13)

In this chapter, we focus on the permeable boundary condition given in Eq.(3.12).

We aim to describe situations where the gel is immersed in its own solvent, and even-
tually interacts with a solid object through a hydrodynamic coupling. The analogous
calculation for an impermeable gel is presented in Appendix [D.2.

3.2.2 Thick and thin limit cases
3.2.2.1 Infinitely thick gel

In the limit z — —oo, the stress and strain fields vanish as represented in Fig. 3.2a.
The solvent concentration and chemical potential fields reach their reference equilibrium
values ¢y and pg, respectively.

3.2.2.2 Finite-thickness gel

At the interface with the substrate, located at z = —7, the gel is bounded to the rigid
boundary as described in Fig. 3.2b. Thus, the displacement field is set at zero, as:

u(z=—-7)=0. (3.14)

Yet, the stress field does not necessarily vanish at z = —7. The rigid boundary is
impermeable, thus no exchange of solvent is allowed at the interface between the gel
and the rigid substrate. The impermeable boundary condition at the bottom of the gel
reads:

o, B
a(z =-—71)=0. (3.15)

3.3 Resolution

3.3.1 Expression in terms of potential functions

To determine the surface deformation w(r,t) associated with the pressure source of
Eq. (3.10) (see Fig. 3.1(a)), we follow the method introduced by McNamme & Gib-
son [117, [252-254]. The key ingredient of that method is the introduction of two dis-
placement potentials A(r, z,t) and B(r, z,t), defined by:

0A OB
Uy :ZE‘FE, (316&)
0A 0B

and that satisfy the following equations:

V2A =0, (3.17a)
V2B = Q(c — «), (3.17b)
0A g 1—v
2GQ& = (u— po) — 2GQ T 5, (¢ —co), (3.17¢)
2
B
Dpe VB = avat : (3.17d)
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Using Eq. (3.17), the solvent concentration and chemical potential fields can be ex-
pressed as:

1
c—co==AB, (3.18a)

)
0A 1—v
=200 %2 AB|.
i o =2G [8z+1—2y }

(3.18D)

Using Eq. (3.5), (3.16) and (3.17), the components of the stress tensor can be expressed
as:

0?’°A  0A 0°B

Opp = 2G <Za7"2 — a + W — AB) s (319&)
0’°A  0A 0’°B
0°B 0?A

or, =2G <3r82 + 2628T> . (3.19¢)

We note that azimuthal stresses and displacements have not been considered here, we
indeed neglect hoop stresses in this axisymmetric problem.

To solve Egs. (3.17), we reconsider the problem in the spectral domain. Specifically,
we use the Hankel transform of j-th order in space and the Laplace transform in time,
with j € {0,1}. In such a framework, a given field X (r,t) is transformed into:

X(s,q) = /Ooo dte /OOO dr X(r,t)rJ;j(sr), (3.20)

where J; is the Bessel function of the first kind and j-th order. The inversion formula

reads: ,
1 Y+100

X(r,t) = dqeqt/ dsX(s,q)st(sr), (3.21)
0

Tm y—100
where the inverse Laplace transform is written using the Bromwich integral. Then, ex-
pressing Eqs. (3.17) in the spectral domain and invoking the initial condition V2B(r, z,0) =
0, we get the following ordinary differential equations on the transformed potentials
A(s, z,q) and B(s, z,q):

9? X
(W - 32> A=0, (3.22)

0? q 02 .
pe

We note that A and B are calculated using the Hankel transforms of order 0 of A and B,
respectively. The solutions to Egs. (3.22) and (3.23) depend on the boundary conditions
set at the bottom of the gel, thus a distinction is made between infinitely thick and
finite-size gels.

and

3.3.1.1 Infinitely-thick gel
The solutions to Egs. (3.22) and (3.23) that vanish at z — —oo read:

A=ae’?, (3.24a)
B = bye®® + bye?V s/ Pre. (3.24D)
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where aq, b1, by are integration constants, that depend on the spectral variables s and
q. Expressing the stress and chemical-potential boundary conditions of Eqs. (3.10)
and (3.12) in reciprocal space in terms of the potentials, we obtain:

Gor(s,2=0,q) = 0 =—2Gs |bys+ by a ] (3.25a)
pe
G22(5,2=0 ):—ﬂ:%}[as—i—b—i-b } (3.25b)
2z\9; yd 271'(] 1 1 2 .
(s, z=0,9) —fio= 0 =2GQ [1 5, b2D 1 . (3.25¢)

We note that &, and s are computed using the Hankel transforms of order 1 of o,., and
Uy, respectively, using %(rJl(sr)) = srJp(sr) and doing an integration by parts; while
Gz, Oss, Uy, ¢ and i are computed using the Hankel transforms of order 0 of 0., oss,
Uy, ¢ and u, respectively. We introduce intermediate auxiliary functions that depend on
s and ¢ to lighten the notation:

D 2
x =22 (3.26a)
q
= fi+-2 — 142 (3.26b)
- Dpes? X '

In the following, the dimensionless quantities defined in Egs. (3.26) are used in the
intermediate calculation steps. We denote the compressibility factor A where the Poisson
ratio v appears, as:

1—-2v

A= )
1—v

(3.27)

Egs. (3.25) can be written under the form of a matrix equation with division by the
factors —2G's?, 2G's% and 2Gs? on each line, respectively, as:

0 0 1 ﬁ aj
F 1

el el e R N (3.28)
0 5 0 Ax ba

Solving Eq. (3.28) by inverting the 3x3 matrix, we obtain aj, b; and be, as:

s
14+ Ax(1-5)
Zl F AB
bl T 4AnGs2q | x +A(1-B) (3:29)
2 A

x+A(1—-5)

Using Eqgs. (3.16b), (3.24) and (3.29)), we express finally the vertical displacement field,
as:
Fy [1—sz—AxBle¥” + ABxes2P(s:9)

dn(Gsq 1+Ax(1-5) 7

using the dimensionless quantities defined in Egs. (3.26) and (3.27). In the expression
of the vertical displacement field in reciprocal space, we observe a superposition of two
exponential decays in depth. The variables x and § make a transition between the
two terms, thus the two penetration depths. The form of y and thus g shows that the
smooth switching in time from one penetration depth to the other follows a diffusive-like
dynamics.

Uy(s,2) = — (3.30)
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3.3.1.2 Finite-thickness gel

The solutions to Egs. (3.22) and (3.23) in the finite-thickness case are:

>

a1e®® + age” %%, (3.31a)

B = b1e® + bye®™? + bge % 4 bye 5, (3.31b)

where a1, ag, b1, ba, b, by are integration constants, that depend on the spectral variables
s and gq. We use the two auxiliary functions introduced in the previous section [3.3.1.1
through Eqgs. (3.26), given in Egs. (3.32a) and (3.32b). We add a third one, Eq. (3.32c)
that rescales the spatial frequency with the inverse of the thickness 7, adapted to describe
a finite-sized layer of gel. These functions are:

Dpes?
x = et (3.32a)
q
q 1
B = /1+7Dp682 = 1/1+;, (3.32b)
¢ = sT. (3.32¢)

The definition of the compressibility factor A is still given by Eq. (3.27). Expressing the
stress, displacement and chemical-potential boundary conditions of Egs. (3.10), (3.12), (3.14)
and (3.15) in terms of the potentials, we obtain:

6s:(5,2=0,¢9) = 0 =—2Gs*[by — b3+ (ba —bs)f], (3.33a)
F
G:2(8,2=0,q) = =9 —2Gs? {—al + &2 + (b1 + b2 + b3 + b4)] , (3.33Db)
2mq s s
i(s,2=0,q9) — o= 0 —2G932[a1—“2+1(b +b)} (3.33¢)
HAs, , 4 Ho s s AX 2 4) ] .
Us(s,z=—-71,9)= 0 =-—s [—T(a1€_c + aQeC) + bre ¢ + boe P 4 baes

+hae?], (3.33d)

Uy(s,2=-1,9)= 0 =-—3s

1 1-—
[—: Cale_C + — Cagec — e b + Bbge_w

+eSby + Bbact’ |, (3.33¢)

(s,2=—-7,q)= 0 =2GQs> [Zle_c + %ec + A‘;bge_w - A’;b@ew} . (3.33f)

%
0z

Egs. [3.33 can be written under the form of a matrix equation, with division by the
factors —2Gs?, 2Gs?,2GNs%, —s, —s, 2GNs® on each line, respectively, as:

0 01 (1) 1 B -1 —p aq
F _1 1
G T (1) H (1) s 0
SO I . Y. S N e (3.34)
0 —Te —Te e e e e by
0 1%46—( 1;—%4 —e ¢ Be P ¢S BesP bs
1 1 _
0 1e7¢  let 0 A%(e o0 —A%(ew ba

As for the semi-infinite case, the resulting product of the inverse 6x6 matrix by the
right-hand-side vector and the expression of (s, z,q) are computed using the formal
calculation software Mathematica. The code is reproduced in Appendix C.4.
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3.3.2 Results and discussion
3.3.2.1 Infinitely-thick gel

Having solved the poroelastic problem of Egs. |3.843.13| for the potentials A, B defined
in the previous section, we find the surface normal deformation of the gel w(s,q) =
—1,(s,z = 0, q) in reciprocal space (see Eq. (3.20)) by invoking Eq. (3.16b) and Eq. |3.30,
as:
N o 1
(s, q) =

 4rGsq 1+ADPTCSQ(1_ m)

where the Poisson ratio appears in the compressibility factor defined in Eq. (3.27).

We first note that if the gel is nearly incompressible, i.e. as v — 1/2, then A — 0 and
the poroelasticity does not affect the surface deformation, as revealed in Eq. (3.35). In
such a case, the poroelastic medium responds as a purely elastic and incompressible one,
at all times. Similarly, if the permeability is small, i.e. as k — 0, the diffusion constant
Dy of the solvent vanishes, and the medium again behaves as an incompressible elastic
material. In the opposite limit of large permeability, the solvent can diffuse almost
instantaneously, and the stress is immediately relaxed, so that the response is the one
of a compressible elastic material at all times.

In Fig. 3.3(a) is shown the dimensionless surface deformation in reciprocal space
w(s, q) plotted as a function of the spatial frequency s for a given temporal frequency
¢, both on linear (main) and logarithmic scales (inset). We choose a value v = 0.1,
which is a typical value for swollen gels and giving finite A. The vertical normalisation
is chosen such that dimensionless values of s and ¢ were used, length is normalised by
VFo/G, and time by Fy/(DpeG). We choose ¢Fy/(Dp.G) = 1. Fig. 3.3(b) shows the
surface deformation in reciprocal space (s, q) plotted as a function of s for various g.
The results show parallel power-law decays in the small- and large-s limits, with a larger
prefactor for large s (small distance). Furthermore, the two prefactors for the small- and
large-s limits respectively depend on the value chosen for gq. To explain this observation,
we explore the temporal asymptotics of the governing Eq. |3.35. We find:

: (3.35)

Fy
g5500 4rGsq’
Fo(1—v)
450 2nGsq

(3.36a)
(3.36b)

The initial- and final-value theorems can be used in the short-time and long-time limits of
the surface deformation. By invoking the inverse Laplace transform we get, in reciprocal-
space (e.g. Hankel) and real-time domains:

Fy
(s,t =0") = lim qw = 3.37
(s, )= lim qib(s,q) = —~, (3.37a)
) Fy(1—-v)
b(s,t — 00) = lim qi(s,q) = —o—’ 3.37b
(s, = 00) = lim, qii(s, q) = —) = (3.37b)

leading to the deformation in real space, by invoking the inverse Laplace and Hankel
transforms given in Eq. (3.21):

Fy

— 0t =— — incomp
w(r,t=07) G w (r), (3.38a)
_Fﬂ(l_’/)_ comp
w(r,t — o0) = —oray W (r). (3.38b)
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FIG. 3.3. Surface deformation of a poroelastic half space induced by a point-
force pressure source in Hankel-Laplace space. (a): Dimensionless, reciprocal-
space surface deformation w(s,q) as computed from Eq. (3.35) using v = 0.1, as a func-
tion of the spatial frequency s, normalized by \/G/Fy, for a given temporal frequency
q, normalized by DpcG/Fy. The orange and red dashed lines correspond to Egs. (3.36a)
and (3.36b), respectively. Main : linear scale. Inset : logarithmic scale. (b): Dimen-
sionless, reciprocal-space surface deformation w(s,q) as computed from Eq. (3.35) using
v = 0.1, as a function of the scaled spatial frequency, s, for various scaled temporal
frequencies, q. The orange and red dashed lines are the same as in (a).

Thus, for both short and long times, we find in Eqgs. (3.37) that the surface deforma-
tion in reciprocal space follows a power-law decay, in both short- and long-time limits.
The former expression is the point-force solution of a purely elastic, incompressible, and
semi-infinite medium of shear modulus G, denoted w™™P (7). At long times, we have
the point-force solution of a purely elastic and semi-infinite medium of shear modulus
G and Poisson ratio v, denoted w®™P(r). Egs. (3.36) are plotted using dashed lines
in Fig. 3.3(a) and [3.3(b). These expressions thus form a link between poroelastic and
elastic materials [188] [196]: at large distances (small s), the solvent has no time to flow
inside the porous matrix and the response is elastic-like, with an incompressibility con-
dition due to the liquid fraction. At small distances (large s), the solvent does not flow
anymore and the response recovers a steady elastic deformation, with compression (i.e.
a concentration change, as illustrated in Fig. 3.10(b)) as compared to the initial state.
In between the two asymptotic regimes, the surface deformation smoothly changes from
the short-time (incompressible) to the long-time (compressible) elastic-like behaviors, as
shown in Fig. 3.3(b) using a finite g.

To investigate the effect of inverse time, we remark that Eq. (3.35) is under the form
of a prefactor built with physical parameters multiplied by a dimensionless function.
The prefactor scales in 1/¢, as a natural result of performing a Laplace transform.
Thus, in Fig. 3.4(a) is shown g (s, q) plotted as a function of s for various ¢, both on
linear (main) and logarithmic scales (inset). With this scaling the parallel power-law
decays observed in the small- and large-s limits are independent on the chosen temporal
frequency ¢ as predicted by Eqgs. (3.36). The evolution of the response (s, ¢) multiplied
by ¢, with decreasing ¢, from the large-q to the small-g asymptotes, given respectively
by Eq. (3.36a)(a) and (3.36b)(b), is clearly seen.

To connect the asymptotic inverse space and time responses, we note that at fixed
A, Eq. (3.35) depends on the auxiliary function noted x = Dpes®/q in section [3.3.1.1,
that physically represents a dimensionless, diffusive variable. This is expected since
the solvent concentration follows a diffusive-like law with a diffusion constant Dpe. In
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FIG. 3.4. Rescaled surface deformation of a poroelastic half-space induced by
a point-force pressure source in Hankel-Laplace space. (a): Normalized surface
deformation in reciprocal space W(s,q), multiplied by the scaled temporal frequency q,
normalized by DpeG/Foy, as a function of the scaled spatial frequency s, normalized by
VG /Fy, for various scaled temporal frequencies q, and for v = 0.1, as computed from
Eq. (3.35). The orange and red dashed lines correspond to FEqs. (3.36a) and (3.36b),
respectively, multiplied by q. Main : linear scale. Inset : logarithmic scale. (b): Normal-
ized surface deformation in reciprocal space W(s,q) multiplied by the space frequency s
and the temporal frequency q, as a function of the scaled spatial frequency s, for v = 0.1,
as computed from Eq. (3.35). The orange and red dashed lines are the same as in (a).

Fig. 3.4(b), we thus plot the normalized surface deformation in reciprocal space, as
a function of the normalized diffusive variable, having fixed the Poisson ratio. Given
the normalization and the form of Eq. 3.35, we find that a single curve describes the
response in reciprocal space. Interpreting the response physically, we note that when
the gel starts to be indented, it first exhibits an incompressible elastic-like response, as
discussed above. Later, at a given time ¢, the solvent and stress have typically diffused
over a radial distance r. ~ \/Dpet, giving a self-similar curve in reciprocal space.

To have a direct view on the spatial and temporal relaxations described above in
reciprocal space, the inverse Laplace transform of Eq. [3.35 was numerically computed
using the Talbot algorithm [255]. The inverse Hankel transform was computed with
Riemann summation over a finite spectral domain. Residual numerical oscillations were
smoothed using a Savitzky-Golay filter of order 3 on a window of 9 points over the total
200 000 points used in the linear discretisation of the r, and s axes. Numerical tools are
detailed in Appendix |C. The results are presented in Fig. 3.5(a), where the deformation
in real space is plotted as a function of the radial coordinate for various times. For
r < r. noted in the previous paragraph, the gel state has essentially relaxed and the
response is compressible (red dashed line), while for » > r. the state and response are
not modified with respect to the initial, incompressible elastic ones (orange dashed line).
The transition between compressible and incompressible deformations are also elucidated
in the logarithmic representation of the data shown in the inset, where the short- and
long-time asymptotic relaxations are shown.

In Fig. 3.5(b), we quantitatively show the gel’s relaxation to its final state, plotting
the difference of the data in (a) with that of the asymptotic late-time limit in Eq. (3.38b)
as a function of the radial coordinate. A continuous decay towards the late-time value
is observed for all radii. Taking a few examples, we show in the inset of Fig. 3.5(b)
the temporal decay towards the final state for the three radii noted by vertical dashed
lines in the main part of the figure. For early times, we note a plateau at a value
Fy(1—2v)/(47@G), corresponding to the difference between the two asymptotic limits in
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FIG. 3.5. Surface deformation induced by a point-force pressure source. (a):
Surface deformation w(r,t) normalized by \/Fy/G, as a function of the radial coordi-
nate r normalized by \/Fo/G, for the times t noted in the legend and normalized by
Fyo/(DpeG), as computed from the inverse transform of Eq. (3.35) and using v = 0.1.
The orange and red dashed lines correspond to the asymptotic limits in Eqs. (3.38). The
inset shows the same data on logarithmic scales. (b): Difference w™ (r) —w(r,t) (nor-
malized) between the surface deformation of a purely elastic compressible material (see
Eq. (3.38b)) ) and the one of the poroelastic material, as a function of normalized radial
coordinate r, for the dimensionless times t noted in the legend. The inset shows the same
data, but as a function of time and for various radial positions r (corresponding to the
vertical dashed green lines in the main panel), using logarithmic scales.

Eq. (3.38). Remarkably, a temporal power law with exponent —1/2, characteristic of a
diffusive process, is reached for all the radii at long times. To explain this observation,
we perform an expansion of Eq. 3.35 at small temporal frequency ¢ (or similarly at large
time t), as done in Eq. (3.36b)) to a higher order in ¢g. This leads to:

A( ) F, 1
wis,q) ~ D — D 9
—|— q S pe s pe (33 )
Fy(1-v) 1
277qu 1 (1-2v) _421/)0(132
pe

We recover the result given in Eq. (3.36b), by taking Eq. (3.39) at order 1 in ¢ at the
denominator. Taking the inverse Laplace transform of Eq. (3.39), we get:

N Fo(1—-v) 4 9
UJ(S, t) t:oo TGQ |:1 — eXp (—1_2I/Dp98 t>:| . (340)
Finally, taking the inverse Hankel transform, we get in real space:
Fo(l—v) r (1-2v) r? (1-2v) r?
t) ~ —/—=|1— 1-2 Iy | — -
wit) > orGr l V= 2) el ( 32 Dpet) T

32 Dyt
Fo(l-v) Fy(l—-v)y/(1-2v)r

2nGr 27G\/16Dpet ’

(3.41)

where Ij is a modified Bessel function of the first kind, of order 0, and the last expansion
is obtained by taking the long-time limit. The first term of the right-hand side gives the
purely elastic and compressible response of the material at long time. The second term
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corresponds to the long-term correction to the latter, as plotted in Fig. 3.5(b). The decay
does not depend on r and scales as ~ 1//Dpet, as recovered through the asymptotic
—1/2 exponent in the inset of Fig. 3.5(b). The intercept between the asymptotic decay
law and the initial plateau value indicates its typical duration time, that scales with the
diffusion time r?/Dpe.

Lastly, we note that in Appendix D.2, we compare the results of the present perme-
able description to the case of an impermeable surface. For the impermeable case, the
solvent flux vanishes at the interface. This alternative boundary condition is relevant
when the gel is not in contact with its own liquid solvent. Such a situation arises when
a gel is indented by a rigid object [112} (113 214, |217} 221, 222], as well as in some
configurations of soft wetting [110, 219]. The surface deformations are found to adopt
qualitatively similar shapes in the permeable and impermeable cases. However, the re-
spective behaviours quantitatively differ, and the stress relaxation is faster in particular
in the permeable case, due to the allowed exchange of solvent with the outer reservoir.

3.3.2.2 Finite-thickness gel

As for the semi-infinite case described in the previous section, we find the surface normal
deformation of the gel W, (s, q) = —1.(s,z = 0, ¢) in the finite-thickness case, solving for
Egs. (3.8)-(3.15) in reciprocal space (see Eq. (3.20)) by invoking Eq. (3.16b) and solving
Eq. (3.34), as:

Fo N1 + N2 =+ N3

) = 3.42
w‘r(SaQ) 4nGsq D1—|—D2+D3’ ( )

with the six terms Ny, No, N3, D1, Do, D3 expressed as:

Ny = —4ABx sinh(()

Ny = [(Ax + 1) sinh(2¢) — 2¢] § cosh(5¢)

N3 = A(3x + 2 — x cosh(2()) sinh(5()

Dy = 4ABx [¢cosh(¢) — (1 + Ax) cosh(Q)] (3.43)
Dy = B[2¢% + (14 2Ax(Ax + 1)) (1 + cosh(2() )] cosh(5¢)

D3 = —A(2x + 1) [2¢ + (Ax + 1) sinh(2¢)] sinh(3¢),

where the dimensionless quantities x, 3, ( are defined in Egs.(3.32). The Poisson ratio
appears in the compressibility factor A defined in Eq. (3.27).

As for the semi-infinite case exposed in the previous section, we first note that if the
gel is nearly incompressible, i.e. as v — 1/2, and thus A — 0, the terms Ny, N3, D1, D3
are zero and the surface deformation of the gel reads:

Ey sinh(2¢) — 2¢ 1

= _ _,»incomp 3.44
v—1/2 41Gsq 1+ 2¢2 + cosh(2(¢) qu (s), (3.44)

- (s,q)

with { = s7, hence we recover the Laplace transform of the result known for a purely
elastic layer of thickness 7 denoted W°™P(s), taking the particular incompressible value
for the Poisson ratio v = 0.5 [203, 212]. Similarly, if the permeability is small, i.e. as
k — 0, the diffusion constant Dy, of the solvent vanishes, x — 0 and 8 ~ x 12, and we
recover the same limit. The medium again behaves as an incompressible elastic finite-
sized layer. In the opposite limit of large permeability, i.e. large Dpe, X — 400 and
B — 1, the surface deformation of the gel is finite and reads:
Fo(l—-v) 2¢ — (4v — 3) sinh(2() 1

~ _ _ —,~comp 4
r(s,9) k—oo 2mGsq 5+ 4v(2v — 3) +2¢2 — (4v — 3) cosh(2(¢) qu (s), (345)
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FIG. 3.6. Surface deformation of a poroelastic finite-thickness layer induced
by a point-force pressure source in Hankel-Laplace space. (a): Normalized,
reciprocal-space surface deformation W (s,q) as computed from FEqs. (3.42) and (3.43)),
as a function of the normalized spatial frequency s, for a given normalized temporal
frequency q, using v = 0.1 and 7v/G/Fy = 1. The orange and red full lines correspond
to Eqs. (3.46a) and (3.46b), respectively. Main : in linear scales. Inset : in logarithmic
scales. (b): Normalized surface deformation - (s,q) of a poroelastic half-space (dashed
lines) as computed from Eq. (3.35) and of a finite-thickness poroelastic layer (full lines) as
computed from Egs. (3.42) and (3.43), respectively, as functions of the spatial frequency
s for a given normalized temporal frequency q, using v = 0.1 and 7/G/Fy = 1. The
orange and red full lines are described in (a). The orange and red dashed lines correspond
to Egs. (3.36a) and (3.36b), respectively.

where we recover the Laplace transform of the known result for a compressible purely
elastic layer of thickness 7 denoted = wS°™P (s, q), for any Poisson ratio v 203} 212],
in contrast to Eq. (3.44) that recovers the incompressible solution (v = 0.5). In Ap-
pendix D.4] the known Green’s function for a purely elastic material is recovered using
the same calculation path as in the present chapter. Exactly as for the semi-infinite case,
the solvent diffuses almost instantaneously and the stress is immediately relaxed, such
that the response is the one of a compressible finite-sized layer.

In Fig. 3.6(a), the dimensionless surface deformation in reciprocal space w;(s, q) is
plotted as a function of the spatial frequency s for a given temporal frequency ¢, both on
linear (main) and logarithmic scales (inset). We choose the same value v = 0.1 than in
the semi-infinite case. The normalization of radial length, time and vertical deformation
are kept the same than in the semi-infinite case. We choose a value of ¢Fy/(DpeG) = 10.
In Fig. 3.6(b) is shown w,(s,q) and (s, q) plotted as a function of s for a given q.
We choose qFy/(DpeG) = 1000, a value that highlights the asymptotical behaviors.
To demonstrate the generality of the observations concerning Fig. 3.6, in Fig. 3.7(a)
is shown @, (s, q) plotted as a function of s for various ¢q. The results show the same
parallel power-law decays in the large-s limit for both infinite and finite thicknesses. The
two prefactors for small and large s limits respectively depend on the value chosen for
q. Yet in the small-s limit the finite-thickness response appears as constant, and at the
transition between large- and small- s limits it grows with a different power law. To
explain the observed power-law behaviors, we explore the temporal asymptotics of the
governing Egs. (3.42) and (3.43). We find:

Fy sinh(2¢) — 2¢ 1
¢500 AnGsq 1+ 2¢2 4+ cosh(2¢) ¢

. Fo(1—-v) 2¢ — (4v — 3) sinh(2¢) 1
r(s,0) ¢50 27Gsq b+ 4v(2v — 3) + 2¢% — (4v — 3) cosh(2() T

Wr(s,q) WP (), (3.46a)

WP (), (3.46b)
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with ( = s7. Equations (3.46) are plotted in Fig. 3.6(a) and Fig. 3.6(b). We note
that we recover the same results computed in the small and large permeability limits
respectively, which are the known responses of a purely elastic, finite-thickness layer,
respectively incompressible and compressible [203, 212]. By invoking the initial and
final-value theorems in the short-time and long-time limits of the surface deformation,
we get:

(s, t=0") = Jim g (s.q) = HINCOmP (5) (3.47a)
Wr(s,t — 00) = lim q,(s,q) = WP (s). (3.47b)
q—0t

Thus, at initial times we recover the response to a point force of a purely elastic incom-
pressible layer, of shear modulus G and thickness 7. At long times, we have the response
to a point force of a purely elastic compressible layer, of shear modulus G, thickness 7
and Poisson ratio v. We then compute the asymptotics of Eqgs. (3.46) in the small- and
large-s limits, as:

. Fhr3
WP (s -~ 6;);; 52, (3.48a)
. F
WP (s) o~ W‘;S, (3.48b)
For 2(1—v)?
~comp ~
D) N wa 1 Fav(v—2) (3.48¢)
Fo(1—
geomp ()~ Lod=V) (3.484)

s—oo  21Gs

Using the inverse Laplace and Hankel transforms as defined in Eq. (3.21) on the asymp-
totics written in Eqgs. (3.48), we get an estimate of the purely-elastic response behaviour
in real space, as:

wr(r,t = 07) = wOmP(r) o~ 0, (3.49a)
. 2
we(r,t = 0%) = wl"P(r) ~ - g,r, (3.49b)
T 7I
For 2(1—-v)? 6(r)
_ comp ~ ~
wr(r,t — 00) = wiP(r) oo wGg T vy —3) 1 15 0, (3.49¢)
Fo(1 —
wr(r,t = 00) = w™P(r) ~ M (3.49d)

recalling that the inverse Hankel transforms of a constant is d(r)/r and the one of the
square function s? is identically 0.

We analyze now the different asymptotic behaviors exhibited in each of the four lines
of Egs. (3.48) and (3.49).

Incompressible response - small :  We find with Eq. (3.48b) that the incompress-
ible response of a purely elastic material follows in reciprocal space a power-law decay
in s7! in the limit of large-s. Additionally, in the limit of large s, which corresponds
to the small-r limit in real space, we recover the asymptotic behavior of a semi-infinite,
elastic incompressible medium computed in Eq. (3.36a). At large spatial frequencies s
(e.g. at small radii r), the point-force response of a poroelastic finite-thickness layer is
the same as the one of a semi-infinite medium as shown by Eq. (3.49b), at initial times.
This means the finite-sized aspect of the material is not probed in the small-r limit.
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FIG. 3.7. Rescaled surface deformation of a poroelastic finite-thickness layer
induced by a point-force pressure source in Hankel-Laplace space. (a): Dimen-
sionless, reciprocal-space surface deformation w(s,q) of a half space (dashed lines) and
wT(s,q) of a finite-thickness layer (full lines), as computed from Eq. (3.35)and Eq. (3.42)
respectively, as a function of the spatial frequency s, normalized by \/G/Fy, for various
temporal frequencies q, normalized by DpeG/Fy, using v = 0.1 and 7+/G/Fy = 1. The
orange and red dashed lines correspond to Fgs. (3.36a) and (3.36b), respectively, for
qFo/(DpeG) = 1. (b): Normalized surface deformation in reciprocal space . (s,q) mul-
tiplied by the temporal frequency q, as a function of the scaled spatial frequency s, for
v=20.1 and 7/G/Fy = 1, as computed from Eq. (3.42). The orange and red full lines
correspond to Eqs. (3.46a) and (3.46b), respectively. Main : linear scales. Inset : loga-
rithmic scales.

Incompressible response - large r:  We find with Eq. (3.48a)) that the incompress-
ible response of a purely elastic material follows in reciprocal space a power-law growth
in 52 in the limit of small-s. While at small spatial frequencies s (e.g. at large radii r),
the point-force response of a poroelastic finite-thickness layer differs from the one of a
semi-infinite medium, increasing with a power law in reciprocal spaces, at initial times.
This means that in comparison to the semi-infinite case, the finite-sized aspect of the
material is seen in the large-r limit, exhibiting no deformation, as shown by Eq (3.49a).

Compressible response - small r:  We find that the compressible response of a
purely elastic material follows a power-lay decay in s~! in the limit of large-s as shown
by Eq. (3.48d). As for the incompressible case just described, in the limit of large-s,
which corresponds to the small-r limit in real space, we recover the asymptotic behavior
of a semi-infinite, elastic compressible medium computed in Eq. (3.36b). At large spatial
frequencies s (e.g. at small radii 7), the point-force response of a poroelastic finite-
thickness layer is the same as the one of a semi-infinite medium as shown by Eq. (3.49d),
at long times, which means again that the finite-sized aspect of the material is not probed
in the small-r limit.

Compressible response - large r:  We find that the compressible response of a
purely elastic material is a constant in the limit of small s as shown by Eq. (3.48¢c). At
small spatial frequencies s (e.g. at large radii r), the point-force response of a poroe-
lastic finite-thickness layer differs from the one of a semi-infinite medium and reaches
a constant value, at long times. This means that in comparison to the semi-infinite
case, the finite-sized aspect of the material is seen in the large-r limit, still exhibiting no
deformation as shown by Eq. (3.49¢).
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FIG. 3.8. Surface deformation induced by a point-force pressure source in
Hankel-Laplace space, for various thicknesses of the material. (a): Dimension-
less, reciprocal-space surface deformation of a finite-thickness layer wy (full line) and of
a semi-infinite medium w (dashed line), as a function of the spatial frequency s, nor-
malized by /G /Fy, for various normalized thicknesses T, as computed from the inverse
transforms of Egs. (3.42) and (3.35) respectively, using v = 0.1 and ¢Dp.G/Fy = 100.
The orange and red dashed and full lines correspond to Egs. (3.36a), (3.36b)), (3.46a)
and (3.46b), respectively. (b): Normalized surface deformation in reciprocal space
W (s,q) divided by the thickness T, as a function of the dimensionless variable st, for
various thicknesses, with v = 0.1 and q¢DpcG/Fy = 100, as computed from Eq. (3.42).
The orange and red full lines are the same as in (a)

In the asymptotic limit of small r, for both the incompressible and compressible
responses, the finite-size aspect of the material is not highlighted, surprisingly, meaning
that the presence of the rigid boundary underneath the soft and porous gel does not
affect the mechanical behavior of its top free surface. The poroelastic model used in this
chapter is based on a linear stress-strain relationship, which supposes a relatively small
strain rate (typically € < 30% [108]). To preserve this assumption, the force exerted at
r = 0 should not be too large then. Otherwise, a correction taking into account gradients
of the strain tensor Ve should be taken into account in the stress-strain relationship,
switching from a linear to a non-linear elasticity model.

To investigate the effect of inverse time as for the semi-infinite case, we remark that
the prefactor in Eq. (3.42) scales in 1/g, as a natural result of performing a Laplace
transform. Thus in Fig. 3.7(b) is shown ¢, (s, ¢) plotted as a function of s for various
q. With this scaling the power-law growth and decay observed in the large-s limits
are independent on the chosen temporal frequency ¢ as predicted by Eqs. (3.46). The
scaled response qu(s,q) with decreasing ¢ clearly evolves from the incompressible to
the compressible asymptotes, given respectively by Eq. (3.46a)(a) and (3.46a)(b). Yet,
in comparison with the semi-infinite case, the universality of the response in reciprocal
space when scaled by the diffusive variable y = DPQSQ /q is lost. This is expected given
the complex form of Eq. (3.42) where two natural and dimensionless variables, = and
( = sT appear.

For both the incompressible and compressible responses, the smooth transition be-
tween the asymptotic behaviors at small-s and large-s seems to happen at spatial frequen-
cies of about sy/Fy/G ~ 1 with the choice 7/G/Fy = 1. To investigate the dependency
of the transition between the small-s and large-s regimes on the thickness 7, we show
in Fig. 3.8 q,(s,q) plotted as a function of rescaled s for various 7, for a poroelas-
tic finite-size layer. The deformation of a purely elastic, impressible and compressible,
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finite-size layer and semi-infinite medium, corresponding to Eqs. (3.46a), (3.46b), (3.36a)
and (3.36b) are also represented for comparison. Indeed, the transition between the
asymptotic behaviors at small-s and large-s happens at a spatial frequency s ~ 1/7.
With increasing thickness, the transition region is wider in s and the deformation in
reciprocal space reaches a higher value, following more closely the semi-infinite asymp-
tote. In Fig. 3.8(b) is thus plotted ¢i,(s,q) divided by the thickness 7 as a function
of rescaled variable s7, for various 7. The latter representation shows, following the
present theoretical prediction, that the finite-size aspect of the material is probed by
observing a zero response in the peripheral region r» > 7, while the response observed in
the central region r < 7 is the one of an incompressible elastic semi-infinite medium at
initial times and the one of a compressible elastic semi-infinite medium at final times.
As for the semi-infinite case, the link between poroelastic and purely elastic materials
is observed in the asymptotical behaviors. At large distances (small s), the point-force
response vanishes. The finite-thickness aspect induces a local, finite-range deformation.
At small distances (large s), the solvent has flowed and does not flow any more: the
response recovers an elastic deformation with compression (i.e. change in volume), as
in the semi-infinite case. At intermediary distances (s ~ 1/7), with increasing s, the
response smoothly changes from no deformation to a regime where the solvent has no
time to flow inside the porous matrix. In this intermediary regime, the response is the
one of an elastic layer, incompressible due to the solvent fraction, for a small range in s.
Still with increasing s, the surface deformation then smoothly changes from the interme-
diate, short-time (incompressible) to the long-time (compressible) elastic-like behaviors,
as shown in Fig. 3.6l

As for the semi-infinite case, to have a direct view on the spatial and temporal relax-
ations described above in reciprocal space, the deformation in reciprocal space given by
Eq.(3.42) was first computed with the technique described in Appendix C.2.5. Then the
inverse Laplace and Hankel transforms of Eq.(3.42) were numerically computed using the
Talbot Algorithm and Riemann summation. A Savitsky-Golay filter was finally applied
to smoothen residual oscillations. The process is detailed in Appendix |C. A few traces
of numerical errors remain, for instance on Fig. 3.7(b), where the curve corresponding
to ¢Fy/(DpeG) = 1 shows a minute residual oscillation at small s.

In Fig. 3.9(a) is shown the deformation of a finite-thickness layer and a semi-infinite
medium, respectively, as a function of the radial coordinate r for a given time t. We
choose the same values of v = 0.1 and 71/G/Fy = 1 as before. We choose a value of
tDpeG/Fy = 0.1 representing an intermediate value. The responses of a incompress-
ible and compressible material are plotted in orange and red respectively. The full line
and dashed line represent the finite-thickness and semi-infinite cases respectively, corre-
sponding to Egs. |3.38 and the inverse transform of Eqgs. 3.46| respectively. The results
show a match between the point-force response of a finite-thickness layer and a semi-
infinite medium at small r, as predicted by asymptotics in Eqgs. (3.49). Yet, at large r,
the deformation of a finite-thickness layer vanishes faster than the one of a semi-infinite
medium, again as predicted by asymptotics in Egs. (3.49). In Fig. 3.9(b) is shown the
deformation of a finite-thickness layer as a function of the radial coordinate r, for various
times t. As for the semi-infinite case described in the previous section, the poroelastic
response exhibits a crossover from a purely elastic incompressible regime to a purely
elastic compressible regime with increasing time. In a central area defined by r < 7, a
significant deformation is predicted and is similar to the one of an infinite-thickness layer.
In a transition zone defined by r ~ 7 the deformation shows an inflection due to the
finite thickness, while in the peripheral region defined by r > 7 the response is killed by
the finite-thickness effect. Thus for a more detailed description of the relaxation in the
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FIG. 3.9. Surface deformation induced by a point-force pressure source. (a):
Normalized surface deformation of a finite-thickness layer w, (full line) and of a semi-
infinite medium w (dashed line), as a function of the radial coordinate r, normalized
by /Fo/G, for a given time t, normalized by DpcG/Fy, as computed from the inverse
transform of Eq. (3.42)), usingv = 0.1 and 7\/G/Fy = 1. The orange and red dashed and
full lines correspond to Eq.|3.38 and the inverse transform of Eq. 3.46, respectively. (b):
Normalized surface deformation of a finite-thickness layer w, as a function of the radial
coordinate r, for the times noted in the legend, as computed from the inverse transform
of Eq. (3.42)), using v = 0.1 and 7\/G/Fy = 1. The orange and red dashed and full lines
are describes in (a). The inset shows the same data on logarithmic scales.

central area, one can refer to the semi-infinite case. The deformation relaxes following
a diffusive dynamics in the central area, as described by Fig. 3.5(b).

3.4 Solution for an arbitrary pressure field

In real systems, gels are indented with probes that have finite sizes [112,|113, 221} [222]. In
these cases, the external load is not a point force, and the outer pressure field has a finite
spatial extent. Additionally, the outer pressure field may exhibit temporal variations.
Since the above model only involves linear operators, we can apply the superposition
principle. Henceforth, the surface deformation generated by an arbitrary time-dependent
and space-dependent pressure field p(r,t), is given by the convolution:

t
w(r,t):/_ dt'/R2 20 G(|r — |, t — ') p(r', ), (3.50)

where G is the Green’s function of the problem, which is the surface deformation induced
by a point force d(r)d(¢). If on a one hand the gel is semi-infinite, the latter is directly
related to Eq. (3.35), through:

R 1 1
G(s,q) =

If on the other hand the gel has a finite thickness, the Green’s function is related to
Eq. (3.42), through:

(3.51)

A 1 N1+ No + N3
(s.q) = , 3.52
9r(8:9) = - Gsq Dy + Dy + Ds (3.52)

with the six terms Np, No, N3, D1, Dy, D3 given in Eq. (3.43). The inverse transform
reads:

1
2w

Gg(r,t) =

—100

Y+i0o oo R
/ dq eqt/ ds G(s,q)sJo(sr). (3.53)
o 0
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FIG. 3.10. Reticulated polymer matrix filled with a solvent. (a): An undeformed
reticulated gel is swollen in a solvent and forms an ideal poroelastic system. For negative
times, the concentration field of solvent is considered homogeneous and fized at ¢y, and
the chemical potential field is homogeneous at equilibrium and fized at po. (b): When
a sudden pressure field is applied at t = 0, the concentration field ¢ of solvent is still
isotropic due to the incompressibility of the liquid, but non-zero gradients of chemical
potential p arise. The material responds as an elastic incompressible solid. (c): In the
long-time limit, solvent had time to flow, due to the gradients of chemical potential. The
concentration field of solvent c is inhomogeneous but the chemical potential has reached
again its equilibrium value pg. The material responds as an elastic compressible solid.

Yet, the Green’s function in real space has no explicit form, for both the semi-infinite
and finite-thickness cases. To perform efficient calculations, an adequate path is thus to
work in reciprocal spaces. The pressure field is first expressed in Hankel and Laplace
spaces and denoted p(s, q). Using properties on transformation of convolution products,
we thus write:

1 y+ioco o'}
w(r,t) = %/ - dg eqt/o ds w(s, q)sJo(sr) (3.54a)
y—ioco
1 Y+i00 oo .
= —/ dqeqt/ ds G(s,q)p(s,q)sJo(sr). (3.54Db)
21 Jy—ico 0

In Eq. (3.54) the expression of the Green’s function G(s,q) is explicit while the
pressure field p(s,q) may be an unknown field to compute numerically. In the following
chapters of this thesis, the substitution of a convolution product by a standard product
in reciprocal space will be largely used to solve equations on pressure fields.

3.5 Conclusion and perspectives

Fig. 3.10 summarizes qualitatively a major result from this chapter. Poroelastic behav-
iors are characterized by a time-dependent transition from the limit of an incompressible
elastic response towards the one of a compressible elastic response. Fig. 3.10(a) illus-
trates the initial state of the gel, which is undeformed and swollen in its solvent. The
solvent concentration and chemical potential are fixed at their equilibrium values, re-
spectively co and pg. At t = 0 a pressure field is turned on as illustrated by Fig. 3.10(b).
Then, the gel reacts as a purely elastic solid with an incompressibility condition, due to
the solvent fraction. The solvent concentration is still fixed at its equilibrium value ¢g
but gradients of chemical potential arise and testify of the out-of-equilibrium state of the
gel. With increasing times, driven by chemical-potential gradients, fluid flows happen
in the porous matrix. The gel relaxes towards its equilibrium state with a diffusive-like
dynamics. Such a transitional state exhibits features of both incompressible-like and
compressible-like solids. In the limit of long times ¢ — oo, the fluid has flowed and
the gel reacts as a purely elastic solid with a compressibility condition, due to the loss
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in volume of solvent. The solvent concentration ¢ is inhomogeneous and the chemical
potential has reached again its equilibrium value pg, which testifies of the equilibrium
state of the gel.

In the present Chapter, we theoretically addressed the mechanical response of semi-
infinite and finite-thickness, permeable, linear poroelastic substrates to an external ax-
isymmetric pressure field. The point-force response was first computed. By convolution
of the latter to any outer axisymmetric pressure field, the surface deformation profile
can be computed. Additional numerical work enables to compute the deformation pro-
file generated in time. In summary, we showed that the mechanical response of both
a semi-infinite and a finite-size media to a point force is characterized by a transition
in time from a purely elastic and incompressible behavior to a purely elastic and com-
pressible one. Furthermore, for semi-infinite medium, the transition between these two
limits is observed on the deformation profile, at a coordinate that depends on time as
re = /Dpet. Thus, the purely elastic and compressible response diffuses over the incom-
pressible one. For a finite-thickness medium, in a peripheral region defined by r. > 7,
the poroelastic response to a point force vanishes, while in a central area defined by
r < 7, the deformation profile is similar to the one observed in the semi-infinite case and
follows the same diffusive dynamics.

The poroelastic model used in this chapter is based on a linear stress-strain relation-
ship, which supposes that the strain rate is kept small. When the force applied on the
free surface is important enough to generate a larger strain rate, gradients of strain ten-
sor are no longer negligible and a non-linear stress-strain relationship should be chosen
instead to describe the behavior of the gel. In a next chapter the needed transition from
a linear elasticity law to a non-linear correction to that elasticity law to describe the
observed mechanical behavior of the soft gel will be shown.

In the perspective of investigating the mechanics of soft hydrogels, the theoretical
description presented in this chapter can describe the deformation field of the porous
matrix as a function of time, when submitted to any axisymmetric load. An experimen-
tal validation could be provided by any technique able to produce images of the vertical
deformation field: for instance, after preparing a gel with trapped fluorescent particles
inside, one could develop a technique based on confocal microscopy. A relevant choice
of the frame rate with respect to the relaxation dynamics of the gel should be thought
about, in order to track in time the motion of each fluorescent particle. Or, the same
idea could be applied in Total Internal Reflection Fluorescent Microscopy (TIRFM) [48|
49, [256(-258], which consists in imaging fluorescent trackers close to a rigid boundary
(< 1pm) by an evanescent wave.

A direct application of the general tools derived in this Chapter to describe poroe-
lasticity would be to address the problem of the poroelastic adhesive force. Indeed,
considering a hard sphere immersed in a solvent and moving normally towards a purely
elastic boundary, it has been theoretically shown by Vincent Bertin, a former PhD stu-
dent and a close collaborator, that an adhesive term arises in the expression of the
resulting force at first order in compliance, which is defined by the length ratio between
the deformation of the wall and the distance to the sphere [211]. This phenomenon arises
from a elastohydrodynamic coupling between the confined layer of surrounding fluid and
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the elastic boundary. Considering instead a poroelastic boundary, the adhesion term
is expected to be influenced by the timescale of the sphere motion, ranging from an
incompressible to compressible response of the boundary. The theoretical derivation of
this suction term in the context of a poroelasticity would be of a great interest. Addi-
tionally, an experimental study based on colloidal-probe AFM for instance, would nicely
complement and (in)validate the theoretical predictions.

Another perspective of the work presented in this Chapter would be to compute a
poroelastic response to a point-force in a different geometry, with a planar symmetry,
using the same type of calculation path. Then, a direct application would be to ad-
dress the poroelastic lift force. Indeed, when a hard sphere immersed in a solvent moves
tangentially to a purely elastic boundary, the softness of the close wall results in a lift
force applied on the sphere 188, |198]. Thus, the latter is repealed from the boundary.
The elastohydrodynamic lift force arises from the asymmetry of the pressure field in
the confined region of fluid, which is due to a coupling between the fluid viscosity and
the elasticity of the nearby boundary. As for the adhesive force, we could study the
poroelastic lift force, that we expect to be influenced by time scales, both theoretically
and experimentally. In a biomimetic context, such a situation is relevant to describe
several organs in the human body: a classical example is about the blood cells flowing
in the blood vessels [121].

The theoretical results presented in this chapter stand as a basis to describe more
realistic situations. Motivated by the recent development of contactless colloidal-probe
rheological experiments on soft and complex materials, our general results will be ap-
plied in the next chapter to the specific case of a sphere oscillating vertically near a gel,
within an outer fluid identical to the solvent present in the polymeric matrix.
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Chapter 4

Contactless colloidal-probe
rheology of soft hydrogels

In this Chapter, we apply the general results of the previous one to a specific outer
pressure field that is relevant to contactless colloidal-probe rheological methods. Here
specifically, we focus on the elastohydrodynamic coupling between a rigid sphere of radius
R and a semi-infinite permeable poroelastic medium (see Fig. |1.8(c)). For this purpose,
we invoke the linear-response theory introduced by Leroy & Charlaix [203], and widely
used in contactless measurements of the mechanical properties of soft surfaces [197] 204,
259-263]. In a first part, we establish the theoretical framework of a lubricated sphere
oscillating close to a permeable, poroelastic half space. We derive the theoretical loss and
storage components of the force applied on the sphere, with complementing numerics.
In a second part, we present preliminary AFM-based experiments performed on a thick,
swollen PNIPAM hydrogel, that fits to the theoretical situation detailed in the first part.
The experimental results are confronted to the theoretical predictions.

4.1 Theoretical model

4.1.1 Soft-lubrication approximation

The situation we consider is that one of a sphere of radius R, placed at a distance
H from the undeformed surface of a gel, and that oscillates vertically with angular
frequency w and amplitude hg, as schematized in Fig 4.1. The gel is assimilated to
a semi-infinite poroelastic medium, of shear modulus G, Poisson ratio v and porosity
k. The ensemble is fully immersed in a Newtonian fluid (identical to the solvent in
the gel here) of dynamic shear viscosity 1 and density p. We suppose that the sphere-
plane distance H is small with respect to the sphere radius R, and can thus invoke the
lubrication approximation [32]. We suppose furthermore that the fluid-gap thickness
H is small compared to the hydrodynamic radius v2RH. Thus, the sphere profile can
be approximated by a parabola in the lubricated contact region, and the liquid-film
thickness profile is thus given by:

2

h(r,t) ~ H + hg cos(wt) + w(r,t) + ;—R (4.1)

The Reynolds number pH?w /7 is assumed to be small compared to unity, so that the
flow is laminar. Furthermore, we suppose that the typical viscous penetration depth is
large compared to the liquid-gap thickness: /n/(pw) > h. Therefore, the flow can be

71



CHAPTER 4. CONTACTLESS COLLOIDAL-PROBE RHEOLOGY OF SOFT
HYDROGELS

z
4 |G L

G(r,t)
G,n,k,v
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FIG. 4.1. Semi-infinite permeable poroelastic medium deformed by the pres-
sure field generated with an oscillating lubricated sphere. In contactless
colloidal-probe rheological methods, a micrometric sphere is oscillating at angular fre-
quency w and amplitude hy normally to the substrate in a liquid of dynamic shear vis-
cosity n and density p. The substrate is a semi-infinite permeable poroelastic medium.
We denote G, v, and k, its effective shear elastic modulus, effective Poisson ratio, and
porosity. The surrounding liquid is identical to the solvent flowing in the porous mate-
rial. The hydrodynamic lubrication pressure field P(r,t) generated by the associated flow
deforms the gel surface, leading to a deformed liquid gap profile. We note w(r,t) the
deformation profile and h(r,t) the fluid gap profile.

described by the steady Stokes equation at leading order [64], which reads:

0= _o + na%r.
or 022

We assume no-slip boundary conditions at both the sphere and gel surfaces. This latter
condition is assumed since the typical slip length at poroelastic surfaces is comparable
to the pore size ~ vk [90, |94, which is nanometric. We neglect the normal flow to the
interface between the gel and the fluid, as exchanges of solvent between the both are
modeled by the permeability boundary condition expressed by Eq. (3.12). The solution
to Stokes equation is a Poiseuille low characterized by a parabolic velocity profile. The
volumetric flux in the vertical direction is derived by integrating over the surface of
the sphere, and the one in the radial direction is derived by integrating on azimuths
and the z variable, which defines a cylinder at a given radial position r. By invoking
the flux conservation, the liquid-film thickness profile follows the axisymmetric thin-film
equation [64], as:

(4.2)

on_ 19 { h38p}, (4.3)

ot 12nr or " or
where p is the excess pressure field in the liquid with respect to the atmospheric pressure.
In the lubrication approximation, the ratio between the shear stress and the normal stress
Orz/02 is of order \/H/2R, thus the viscous shear stresses are negligible compared to
the pressure in the fluid. Therefore, at the gel interface the force balance takes the same
form as in Chapter [3:

Osy = —D. (4.4)

Recalling the results obtained in Chapter 3|, the surface deformation profile can be com-
puted in the general case from Eq. (3.50), and thus reads:

w(r,t) = /_t dt’ /R2 d*' G(r — 1|, t — ') p(x', 1), (4.5)

where G is the Green’s function of the problem. The latter is the surface deformation
induced by a point force Fyd(r). In the case of a permeable, semi-infinite poroelastic
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layer, the Green’s function was derived in Chapter 3| in Hankel and Laplace space, and
is given by Eq. (3.51), as:

R 1 1
G(s,q) =

where the compressibility factor is defined from the Poisson ratio v by Eq. (3.27), that
we recall:

(4.6)

1—-2v
A= 4.
i (@)
and the effective poroelastic diffusion coefficient is given by Eq. (3.9), that we recall:
2(1 —v) Gk
Dpe = 21— v) Gk (4.8)
1-2v n
The inverse transform is given by Eq. (3.21), as:
1 Y-+ioco oo "
G(r,t) = —/ dq eqt/ dsG(s,q)sJo(sr). (4.9)
278 Jy—ioo 0

4.1.2 Linear-response theory

Following Ref. [203], we suppose that the oscillation amplitude is much smaller than the
liquid-gap thickness: hg < h. Additionally, the response function G of the gel to a point
force is derived from a linear stress-strain relation, allowed by the hypothesis of small
deformations. Thus, we assume that the deformation profile is small compared to the
liquid-gap thickness: w(r,t) < h(r,t). At orders zero and one in hg/h, Eq. (4.1) reduces
then to:

2

) ~ -
WO (r,t) = H + o (4.10a)
A (7, t) =~ hg cos(wt) + w(r, t) . (4.10b)

Recalling that p is the extra pressure in the fluid with respect to the atmospheric pressure,
p is considered of order one in hg/h. Hence, we invoke the linear-response theory, and
write the fields, as:

w(r,t) = Re[w*(r)e™], p(r,t) = Re[p*(r)e™'], (4.11)
where * indicates complex variables, i2 = —1, and Re is the real part. Equation (4.3) is
then linearized, giving at order one in hg/h:

1 d r2 3 dp*
iw( h ) = — H+ — . 4.12
M( 0+w) 12nr dr [r( +2R> dr] ( )

To adapt to the steady-state description of the linear-response theory imposed by Eq. (4.11),
we write the response function G of the gel to an external axisymmetrical pressure field
under a complex form, in reciprocal space. To do so, we first write the forward and
backward Hankel transforms of a complex field X*, as:

X*(s) = / dr X*(r)yrJo(sr),  X*(r) = / ds X*(s)sJo(s7), (4.13)
0 0
and the Green’s function reads:

, 1 1
G*(s)

sy inPe (1o )
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The particular case of the calculation of G in the steady-state regime is detailed in
Appendix D.3. Using Eq. (4.5) in reciprocal space, the deformation is finally obtained

with: N
P*(s) 1
.1 Dpes? - :
2G5 1 —inPee (1 14 5125)

Dpes?

@ (s) = ()67 (s) =

(4.15)

The thin-film equation Eq. (4.12) that is written in complex variables, is associated to
the deformation-pressure relation given by Eq. (4.15). Solving for the pressure field p*
and the deformation profile w*, we describe the steady-state regime of an oscillating
sphere near a semi-infinite poroelastic medium.

4.1.3 Non-dimensionalization

From Eq. (4.1), the lubricated-contact length vV2RH - i.e. the so-called hydrodynamic
radius - sets a typical horizontal length scale. Besides, hg sets a typical vertical length
scale. Thus, we introduce the following dimensionless variables:

~ r - o w*(r)
= , §=sV2RH, w*(F)= . 4.16
V2RH ") ho (4.16)

From the horizontal projection of the Stokes equation, and the incompressibility con-
dition, we find that the typical lubrication pressure scale is 2nRwho/H?. Thus, we

introduce the following dimensionless pressure field:
H?p*(r)

(7)) = —— 2 4.17
p(7) 2w Rnhg ( )

Injecting these new variables in Eq. (4.3), the dimensionless thin-film equation becomes:

) 1 d 2\ 3dp*
14+ 0*(r)) = — |F(1+7 . 4.18
i(1+@*(7)) TR |:7“( —I—r) df] (4.18)
Then, we introduce two characteristic parameters. First, we define the critical distance
at which the surface deformation and sphere oscillation amplitude are of the same or-
der [203]:

H, = 8R<;72>2/3. (4.19)

Second, we define the critical poroelastic angular frequency at which the solvent typically
diffuses over the contact length at the critical distance during one oscillation:

_ Dpe _ Dpe (@)2/3
"~ 2RH. 16R2\nw/

Using the dimensionless variables and critical parameters above, we can write the Green’s
function given in Eq. (4.14) in dimensionless form, as:

(4.20)

We

-1

5% 1 . WCHC§2 . wH

and the dimensionless deformation profile is calculated in reciprocal space with the
dimensionless form of Eq (4.15), as:

. 2x (= Hc 3/2 N
B (s) = 2 és) <H> G*(s) (4.22a)
N -1
_ ﬁ*(§) HC 3/2 . Wcl_fcg2 . wH
= (H> 1A (1—y/1+ zm> . (4.22b)
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Finally, the complex pressure field p*(s) in reciprocal space is derived by applying the
dimensionless form of the forward Hankel transform. Similarly, the complex deformation
profile @w*(r) in real space is derived by applying the dimensionless form of the inverse
Hankel transform. Transforms are given in Eq. (4.13) and can be rewritten as:

p*(3) = /0 T i ()7 Jo (57), (4.23a)
W*(7) = /0 - d3w*(8)5Jo(57). (4.23b)

4.1.4 Comparison to the purely elastic case

To compare to the response of a purely elastic material, we use the known response of
elastic, incompressible and compressible, semi-infinite media that we recalled in Chap-
ter 3, Sec. |3.3.2.1. Using the linear response theory, the Green’s functions for purely
elastic, incompressible and compressible materials, read in reciprocal space:

A 1
incom = 4.24
Gincomp(5) = - (4240)
5 1-v
Geomp(8) = s (4.24b)
and the complex deformation profiles read:
wincom(s) = 2G's (4253)
R (1 —v)p*(s)
¥ = . 4.25b
wll’lCOm(S) GS ( 5 )
Switching to dimensionless variables, the latter equations are transformed into:
2 % ~ 2 % ﬁ*(g) H 3/2
Beon(3) = () = 7 () (4.26a)
A . 1— )p*(3) [ Ho\3?
ﬁ}i*ncom(g) = ID*(S) = (Z?g‘p(S) (H) ’ (426b)

4.1.5 Resolution

In this paragraph, following Ref. [203], we detail how Eqgs. (4.18), (4.22b) together with
Eq (4.23) are gathered into one integro-differential equation that can be solved numeri-
cally. We first inject Eq. (4.22a) in Eq. (4.23b), then inject the result in Eq. (4.18) and
multiply each side by 127, to get:

1+ /OOO 1576 (H“>3/2 é*(s)éjo(éf)l - % [f(l + f2)3dﬁ*} .27

L2ir
" s \H 7 a7

As such, we obtained an equation only on the complex pressure field in real and reciprocal
space, respectively p* and p*. By integrating Eq. (4.27) on 7 between 0 and 7, and
multiplying each side by 7(1 + f2)3 we get:

dp* 6iF 3i
= = 3T _
ar  (14+72)°  2(1+72)

. (%)3/2 /O TG NGRE () (E). (428
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Finally, by performing a first-order Hankel transform of Eq. (4.28) and multiplying
each side by —1/k, we obtain an integro-differential equation on p*, which is called the
Fredholm equation of the second kind:

o .y ~ . 3/2
= -Smb - () [T asdere [a "”Jl FAGDIGED (o
0 +T’2)

where K, is the modified Bessel function of the second kind of order n. The kernel of
the Fredholm equation has an analytical solution [261], given by:

7 Jy (kF) )J1(37) k2 +3 I>(3) K> (k) .
/ ey~ s L(3)Ky (k) - 2\ s <k, w0,
= K+ 5211(127)K (8) — sk:i(k)Kz( %) for k < 3,

where I, is the modified Bessel function of the first kind of order n. Integrals are
numerically evaluated with the Gauss-Legendre-quadrature method, described in Ap-
pendix C.2.2. The numerical resolution of Eq. (4.29) is based on linear algebra and is
detailed in Appendix C.3.

Finally, having solved Eq. (4.29) for the complex pressure field in reciprocal space
ﬁ(l?:), the deformation profile is computed in real space by performing a dimensionless
backward Hankel transform, using Eq. (4.22a):

S

/ Al 5 () e Jo (+7) (4.31a)

:/0 dl%% (%)3/2 G* (s) ko (k7). (4.31D)

The same calculation path can be used to compute the complex pressure field in
reciprocal space:

7 = /0 Ak (R o (R, (4.32)

and the complex deformation profile w*(7) for a purely elastic material, in both the
incompressible and compressible cases.

4.1.6 Normal force

In real colloidal-probe experiments, the rheological investigation of gels is made at a
controlled angular frequency w and the spherical probe is placed at a given distance H
of the gel. Thus, in an experiment, the dimensionless parameters w/w. and H/H,. are
computed, based on the physical parameters of the gel and the solvent (e.g. porosity,
viscosity...), and the experimental choices of angular frequency w and distance H. More-
over, the measured experimental quantity is often the total force applied on the probe.
Theoretically, the amplitude F™* of the vertical elastohydrodynamic force exerted on the
sphere is obtained by integrating the amplitude of the lubrication pressure field over the
surface of the sphere, as:

(o.¢]
F* = 277/ drrp*(r). (4.33)
0

From Eq. (4.33) and the typical lubrication pressure scale (see Eq. (4.17)), a typical
elastohydrodynamic force scale is 8mnwhoR?/H. Thus we introduce the following di-
mensionless force:

~ H.

*

= " 4.34
8rnwhoR2™ ' (4.34)
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which depends on the dimensionless parameters, D/D., w/w., and A. Then, the dimen-
sionless force is computed, as:

me He [ o
F*:F/o dr 7 p*(7), (4.35)

to keep the dependency on the dimensionless parameter H/H, inside the expression
of the dimensionless force as a function of the lubrication pressure field. Recalling the
expression of the dimensionless complex pressure in reciprocal space, and using Jy(0) = 1,
we have:

5 (5=0)= /0 T () FI0(0 X ) = /0 T A F (7). (4.36)

Finally the complex force is computed without performing an inverse Hankel transform,

as:
H,

H
The complex force can be calculated in both the cases of purely incompressible and
compressible elastic materials using the same method.

F*=—5p*(5=0). (4.37)

4.1.7 Results and discussion

Examples of the obtained surface deformation and pressure fields are plotted in Fig. 4.2(a)
and (b) respectively, for various sphere-substrate distances. In a contactless colloidal-
probe rheological experiment, however, it is not the deformation amplitude that is typi-
cally measured. Rather, the sampled surface slowly approaches the oscillating spherical
probe using a piezo stage, with the typical experimental outputs being the measured force
amplitude and phase as functions of the sphere-substrate distance. Thus in Fig. 4.2(c)
and (d) are plotted the theoretically obtained force amplitude and phase shift, respec-
tively, for various oscillation frequencies. The other parameters are kept constant. From
the amplitude and phase, the real and imaginary components of the complex force can be
evaluated, the amplitude and phase being the modulus and the argument, respectively,
of the complex force. These force components and the amplitude of the pressure field
can be evaluated numerically, using Eq. (4.37). Therefore, in Fig. 4.2(e), we plot the
dimensionless, real and imaginary parts of the force, as a function of the dimensionless
distance, for various oscillation angular frequencies.

Two regimes can be observed, based on the probe-gel distance. At large distance, i.e.
H/H. > 1, the surface deformation is small with respect to the oscillation amplitude
(see Fig. 4.2(a)). As a result, the elastohydrodynamic coupling is weak, and the force
is dominated by the viscous dissipation in the liquid film. In the far-field asymptotic
regime, we observe that the modulus of the complex force (i.e. the amplitude) decays as
a power law with a —1 exponent in H/H.. Additionally, we observe that the imaginary
part of the complex force, which corresponds to the dissipative force, decays as a power
law with a —1 exponent in H/H, too. To explain the observed power-law decay, we can
multiply each side of Eq. (4.12)) by 12nr and integrate between 0 and r in the absence of

3
substrate deformation (w* = 0). Multiplying by r (H + %) on each side, we obtain:

r B dpfigia
2 \3  dr
H3 (1+ 37

6inwho (4.38)

By integrating Eq. (4.38) between r and oo we then obtain the complex pressure field
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FIG. 4.2. Mechanical response of a poroelastic gel in the contactless colloidal-
probe configuration. (a): Normalized amplitude w* /hg of the surface deformation pro-
file as a function of the rescaled radial coordinate r/v2RH, for various normalized
sphere-substrate distances, as computed from Eq. (4.31b) with w/w. = 1 and v = 0.1.
(b): Normalized pressure p*H?2/(2wRnho) applied on the surface deformation profile as
a function of the rescaled radial coordinate r//2RH, for the same various normalized
sphere-substrate distances as in (a), as computed from Eq. (4.32) with w/w. = 1 and
v=0.1. (c): Amplitude of the normalized force F*H,/(8mnwhoR?) everted on the spher-
ical probe as a function of the normalized sphere-substrate distance, for various reduced
angular frequencies w/w.. (d): Phase of the normalized force exerted on the spherical
probe as a function of the mormalized sphere-substrate distance, for the same various
reduced angular frequencies. (e): Real (pink) and imaginary (blue-green) parts of the
normalized force F*H./(8mnwhoR?) exerted on the spherical probe as functions of nor-
malized sphere-substrate distance, for the same various reduced angular frequencies, as
computed from Eq. (4.37) with v = 0.1. The vertical dashed blue lines correspond to the
distances at which the surface deformation profiles are plotted in (a). The zoomed inset
shows the purely elastic incompressible case (orange) and the purely elastic compressible
case (red).

generated by a sphere oscillating at a distance H of a rigid boundary:
. 3inwhoR
prigid(r) == > N2 (439)
12 (14 3 )

Finally by integrating Eq. (4.39) between 0 and oo, we recover the classical confined
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Stokes drag;:

6imnhowR? H,

thokes,conﬁned = _T o’ (440)
c

which decays as the observed power law [67]. Thus, when probing a poroelastic sample,
in the far-field regime the force is dominated by its imaginary part, which is the classical
Stokes drag. The real part of the force amplitude in the far field is much smaller than the
imaginary part and decays as a power law with a —5/2 exponent in H/H.. To explain
this observation, we refer to the case of a purely elastic and incompressible medium
probed by an oscillating sphere. The dimensionless Green’s function of the problem is
g]*ncomp(g) = 1/5. We then compute the limit of the dimensionless complex pressure
field, given by Eq. (4.29), when k — 0, and get:

3 30 (HNY? [~ .
pincomp(o) = _Z - 372 (H) /0 dsp (3)3K1(3)7 (441)

such that the complex force reads with Eq.(4.37):

- i (He\  3i (H\™? (> o
EHCOmp(O) - —Z <H> - ﬁ (H) /0 dsp (S)SKl(S). (442)

We recover in the first term the Stokes drag while the prefactor of the second term shows
explicitly (H/H.)~%/2. With the choices of scaling detailed in Sec. 4.1.3, the integral
over the complex pressure field does not scale as a power of H/H.. Additionally, thin-
film equation associated to the linear response theory given in Eq. (4.12) ensures that
the complex pressure field is dominated by its imaginary part. Thus, the real part of
the complex force, which corresponds to the conservative force, displays a signature
of the elasticity of the substrate through an asymptotic decay with the distance as
~ (H/H.)~®/2. The exact prefactor of this scaling law can be obtained by expanding
the solution in (H./H) (203, 263].

At small distance, i.e. H/H. < 1, the substrate deformation saturates and scales
with the oscillation amplitude (see Fig. 4.2(a)). As a consequence, the real and imagi-
nary parts of the force amplitude saturate as well to values that do not depend on the
distance. The inset of Fig. 4.2(e) represents a zoom on the dimensionless, real part of
the force, and we additionally plot the force obtained in the purely elastic incompress-
ible and compressible cases. At small frequency, the elastohydrodynamic coupling is
similar to the one of a purely elastic compressible layer; conversely, at large frequency,
the elastohydrodynamic coupling is similar to the one of a purely elastic incompressible
layer.

Finally, in these scaled variables, we observe a small influence of the solvent diffusion
in the gel on the elastohydrodynamic coupling, despite the diffusion constant being varied
over 4 orders of magnitude (via the critical frequency). Therefore, from our model,
it appears that contactless colloidal-probe rheological methods in the linear-response
regime are not appropriate to robustly measure the effects of the solvent diffusion through
the gel network. In contrast, such methods appear to be well suited for measuring
the effective shear elastic moduli and Poisson ratios of gels. In the next section, we
present preliminary results of contactless colloidal-probe experiments on soft and swollen
hydrogels.
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FIG. 4.3. Colloidal-probe AFM based setup to probe swollen hydrogels in con-
tactless mode. A swollen hydrogel sample is deposited on a stage in contact with a
piezo element. A colloidal probe held by an AFM cantilever is brought at a distance H
to the free surface of the hydrogel. A laser beam pointed on the cantilever extremity is
reflected by the latter, and the reflected beam is sent to a four-quadrant photodiode. The
motion of the probe is measured by monitoring the signal of the photodiode. A lock-in
amplifier sends a harmonic signal (OUT) and thus generates the vertical, oscillatory
motion of the piezo under the stage, at an angular frequency w and with an amplitude
ho. Simultaneously, the lock-in amplifier receives the signal from the photodiode (IN)
and thus measures the vertical, oscillatory motion of the colloidal probe. A simultane-
ous comparison is made between the in and out signals, and with the lock-in amplifier
giving an amplitude A (see Eq. (4.50)) of the modulated signal and a phase shift ¢ (see
Eq. (4.51)), that are recorded with time.

4.2 Preliminary experiments

In this section we describe preliminary experimental results on soft hydrogels obtained
with a colloidal-probe AFM based setup '. This setup was developed based on the
theoretical ideas of the oscillatory colloidal-probe experiments described in the first part
of the present Chapter. A custom stage was build to meet the special requirements of the
oscillatory rheology on an AFM. The fabrication protocol of thick PNIPAM hydrogels
described in Chapter |2/ was used to make a thick hydrogel, as a test sample.

4.2.1 Experimental setup

A schematic of the experiment is presented in Fig. 4.3. An already existing Atomic Force
Microscope (Nanosurf CoreAFM) was adapted to enable an oscillatory experimental
mode. The standard AFM used to realize topographic measurements was described in
Chapter 2. In contrast, here we first describe the colloidal-probe AFM used to perform
force measurements, then we present the adaptation work done on the apparatus.

Colloidal-probe AFM: The standard AFM is described in Chapter 2. In the exper-
iment described here, home-made colloidal probes are used instead of cantilevers with

!The theoretical development described in the first part 4.1 of the present Chapter is published ,
with the article included in Appendix [El The experimental work described in the present section is
not published yet, but constitutes the experimental situation fitting the theoretical development of the
previous section.

80



4.2. PRELIMINARY EXPERIMENTS

sharp tips. A silica sphere of R ~ 45 um is glued with epoxy resin on the edge of a
tip-less, triangular-shaped cantilever. The obtained colloidal probes are then placed on
the cantilever holder as standard probes.

Oscillatory mode: The AFM is then adapted. On the one hand, a piezo element
(named "the cube" due to its cubic shape, of about 2 cm each side) able to move in the
three directions of space is used as a stage on which the sample is held. A sinusoidal
electric signal is sent (OUT) to this piezo element through an amplifier (not represented
here) to generate its motion. On the other hand, the sinusoidal signal received (IN) from
the 4-quadrant photodiode of the AFM is monitored through the AFM controller (not
represented here). A lock-in amplifier compares simultaneously the IN and OUT signals.
A product of amplitudes A and a phase shift ¢ between the two signals are extracted,
as measured quantities.

4.2.2 Calibrations

To convert the amplitude of electric signals into forces and distances, several calibration
steps are performed.

4.2.2.1 Cantilever stiffness

The probes used in the experiment presented in this Chapter are commercialized by
Bruker, model NP-010, four V-shaped tip-less cantilevers, in silicon nitride with a reflec-
tive gold coating. We use the cantilever noted D on the chip (see a picture in Fig4.4(c)),
whose nominal resonance frequency in air and stiffness are fojuom = 18 & 6kHz and
Ecantinom = 0.06 € [0.3;0.12] N/m.

For the experiment described here, and when using home-made colloidal probes, the
cantilever stiffness is measured experimentally with the method of the added mass [264],
that we describe in the following. Before gluing the silica sphere (see a picture of colloids
in Fig. 4.4(d)) on the edge of the tip-less cantilever, the deflection of the latter due to
its thermal noise is recorded and averaged over several measurements. The Brownian
motion of the cantilever is described by modeling the cantilever as a damped harmonic
oscillator to which a Langevin force is applied. Then, by solving the Langevin equation
for a damped harmonic oscillator, one can derive the power spectral density of the

cantilever deflection ZJ, ; in the steady-state regime |225], as:

‘dZ:anti _ kBT ngo (4 43)
duw Mz QF(wf — w?)? + wiw?’ '

with * indicating a complex variable, w the angular frequency, wg the resonance angular
frequency, Qo the quality factor, mcant; the effective mass of the cantilever, kg the
Boltzmann constant and 7 the room temperature °. The amplitude spectral density A,
is then defined from Eq. (4.43) by taking the square root :

dZéan i
A, (w) = ‘dwt . (4.44)

The measured amplitude spectral density of the cantilever is fitted with Eq. (4.44).
The resonance frequency fo = wg/(27) and quality factor @y are extracted as fitting
parameters. Then, a micrometric silica sphere is glued at the edge of the cantilever and
the thermal noise of the cantilever is recorded again. The resonance frequency fi and

2The present calibration step is also detailed in Sec. 2.1.2.3
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FIG. 4.4. Calibration of the AFM. (a): Amplitude spectral density A, of the cantilever
as a function of the temporal frequency f, before (light blue) and after (light blue-green)
gluing a silica sphere at its edge. Dark blue and dark blue-green lines correspond to fits of
the experimental data based on Eq. (4.44), before and after gluing the colloid respectively.
(b): Deflection Sensitivity DS measurement. The signal received by the photodiode,
which corresponds to the cantilever deflection Zeanti in V, is plotted as a function of the
position of the driving piezo zpieso- The final part of the curve corresponds to the range
where the cantilever is in contact with the hard surface. The deflection sensitivity DS
is computed as the inverse of the slope. (c): Picture of a cantilever, of the same model
as the one used in the present experiment. (d): Picture of a few colloids spread on a
glass slide, from the same batch as the one used in the present experiment. (c¢) and (d)
were made with an inverted microscope (x20). The scale bar represents 100 pm in both
panels.

quality factor @1 of the cantilever holding a colloid are extracted too. In Fig. 4.4(a)
is shown the spectrum of the Brownian motion amplitude of the cantilever, with and
without the attached sphere.

The cantilever being modeled as an harmonic oscillator, the resonance frequencies
before and after gluing the silica sphere are given respectively by [264]:

1 | keanti 1 Ecanti
fO — W and fl - canti ’ (445)
21\ Meanti 21\l Meanti + Msphere

with Kcanti the stiffness of the cantilever and mgphere the mass of the sphere. The can-
tilever stiffness is then calculated by:

kanti = (2m)2 —_sphere__ (4.46)

The quality factors provide estimates of the errors on the resonance frequencies:

Afo = ﬂ and Afl = L (447)

2Qo 2Q1°

82



4.2. PRELIMINARY EXPERIMENTS

The errors Afy and Af; extracted from the width of the distributions defined by the
amplitude spectral densities A, are usually slightly overestimated, as the width of the
distributions is harder to fit than the maxima fy and f; to locate. Then, the errors
on the resulting stiffnesses can be calculated too. Knowing the radius of the sphere
(R = 45 4+ 3 ym, see Fig. 4.4(d)) and the silica density (ps; = 2.950 g/cm?), the sphere
mass is evaluated to be 140 +23 ng. We neglect the mass of the glue, estimated at 0.1 ng
at the maximum. With the added-mass method [264] described in the present section,
we measure a stiffness of kcanti = 0.14 & 0.02 N/m, which is slightly above the maximal
nominal value but still meaningful. The obtained cantilever stiffness kcanti is used to
convert the deflection of the cantilever (in nm) into the force exerted of the spherical
probe (in nN). The deflection measurement is thus described in the following subsection.

4.2.2.2 Deflection sensitivity

In AFM, the deflection sensitivity DS is used to convert the signal received from the
photodiode (in V) into the deflection of the cantilever Zcay; (in nm) ®. The deflection
sensitivity is measured by approaching the cantilever close to a hard surface, touching the
surface, and then continuing the approach until a prescribed limit deflection is reached.
The cantilever is then fully retracted. The measurement is typically repeated ten times.
The vertical signal of the photodiode (i.e. the cantilever deflection Z ,nt; up to a factor,
but in V) is monitored as a function of the position of the piezo zpieso. A linear relation
between the signal of the photodiode and the piezo position is typically obtained when
the cantilever is in contact with the hard surface, and the coefficient between both
corresponds to the deflection sensitivity DS in nm/V. Figure 4.4(b) shows a typical
measurement of the signal of the photodiode Zcant; (i.e. the cantilever deflection but
in V) as a function of the vertical position of the piezo zpicso. In this example, the
calculated deflection sensitivity is 254 nm/V based on a good quality fit (x? = 0.009).
In practice, the measurement of the deflection sensitivity is automated by the AFM
software, repetitions and averaging included. The product of the deflection sensitivity by
the cantilever stiffness DS kcant; enables to convert the voltage signal of the photodiode
into a force.

4.2.2.3 Extraction of Amplitude and phase shift with the lock-in amplifier

As depicted in Fig. 4.3 we generate a sinusoidal signal Upyr from the lock-in amplifier
that is sent to the piezo cube. The sinusoidal signal Uty is received from the photodiode.
The two signals read:

Uout = aout COS(Wt) + Uout (4483)
UIN = @in cos(wt + &) + Uin, (4.48b)

with w = 27 f the angular frequency, aoyt and aj, the amplitudes (in V) of the OUT and
IN signals respectively, ¢ the phase shift. The lock-in amplifier (Zurich Instruments,
MFLI 500 kHz) is used to compare simultaneously both the signals sent to the piezo
Uout and the signal received from the photo diode Upn. To compare both the IN and
OUT signals, the lock-in amplifier computes the modulated signal Uyiop as:

UMOD = Gout@in cos(wt) cos(wt + ¢) = aou;am [cos(2w + ¢) + cos(9)] . (4.49)

In Fig. 4.5(a) we show an example of the OUT, IN and modulated signals, respectively
UouT, Un and Uyop, on a few periods. The mean values of the OUT and IN signals,

3This step was already detailed as is in Sec. [2.1.2.3
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FIG. 4.5. Raw sinusoidal signals compared by the lock-in amplifier. (a): Oscillat-
ing part of the OUT and IN sinusoidal signals, respectively Uouyt and UiNT, respectively
sent to cube and received from the photodiode, as a function of time t. The modulated
signal Uniop is computed from the IN and OUT signals, and represented with a factor
10 for more readability. The phase shift is extracted from the mean value of the mod-
ulated signal, through Eq. (4.51). (b): Fourier transforms of the signals shown in (a).

The amplitudes of the respective peaks of the Ui, Uout and Uniop signals are linked by
Eq. (4.50).

respectively uouT and uy, are subtracted for a better readability. Then, the amplitude
A is obtained by computing the Fourier transform of the modulated signal and taking
the intensity of the peak at the angular frequency 2w:

Gout Gin
A p—

2

(4.50)

and the cosine of the phase shift ¢ is obtained, by taking the average value of the

modulated signal, as:

< Umop >
i )

In Fig. 4.5(b), we show the Fourier transforms of the examples of OUT, IN and modulated
signals. In practice, the amplitude aoyt, mean value uqyy; and angular frequency w of the
OUT signal are prescribed by the low-frequency generator function of the apparatus.
The amplitude of the IN signal ay, is directly monitored by using the scope function of
the apparatus. The phase shift ¢ is finally computed by the apparatus.

cos(¢) = (4.51)

4.2.2.4 Cube calibration

The calibration of the piezo element (Piezosystem Jena, microTRITOR) which plays
the role of the sample stage consists in establishing the relation between the command
electric signal Upyt sent to the latter and its induced displacement. This measurement
is performed with a standard cantilever with a sharp tip (Nanosurf, model Dyn190Al,
fomom = 190kHz and kcantinom = 48N/m). The deflection sensitivity DS with the
chosen cantilever is measured first of all. Then the cantilever is approached in contact
mode close to the surface of the piezo cube, up to contact, with a set point in force at
10 — 50 nN, forcing a deflection of the cantilever to maintain contact at any time. When
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FIG. 4.6. Calibration of the piezo cube. (a): Amplitude of the oscillating cantilever
deflection Zcanti as a function of the driving amplitude aoyt, of the electric signal OUT sent
to the piezo cube, for different driving frequencies f. Depending on the driving frequency
f, we obtain a factor of 0.56 — 0.7 um/V between the command tension amplitude aoys
and the driving oscillation amplitude hg. (b): Phase shift ¢ as a function of the command
tension amplitude aoyt. Depending on the driving frequency f, we measure a phase shift
¢ between the command signal Uoyt and the oscillation of the cube hgcos(wt). (c):
Averaged phase shift ¢moy as a function of the driving frequency f.

contact is established, the AFM feedback is turned off, so that the cantilever response
is only due to the oscillation of the piezo cube.

The cantilever deflection is given by Zcanti = DS Uiy in nm, with Uy the electric
signal received from the photodiode. The cantilever deflection follows the motion of the
piezo cube. Considering only the oscillating term, we have:

Zeanti— < Zecanti >= Gcanti COs(wt + @) = hg cos(wt + ¢), (4.52)

with hg = DS ai, the oscillation amplitude of the cube (in nm), ¢ the phase shift, and
< Zecanti >= DSu;, the mean value of the cantilever position. Figure. 4.6(a) shows the
oscillation amplitude of the cantilever deflection acanti, which is equal to hg as long as
both the cantilever and the cube are in contact, as a function of the amplitude of the
command signal ayyt, for different driving frequencies f. We obtain a linear relation, with
a slope that slightly varies depending on the driving frequency f. This measurement
gives the conversion between the amplitude aqyt of the command signal in V sent to
the cube and the resulting motion amplitude of the cantilever acant;i in nm. We obtain
a factor between the amplitude of the command signal aoyy and the cantilever motion
amplitude hgy of 0.56 — 0.7 um/V, depending on the driving frequency f.

The comparison between the IN and OUT signals by using the lock-in amplifier
reveals a phase shift ¢ that depends on the frequency f. On Fig. 4.6(b) is plotted the
phase shift ¢ as a function of the amplitude of the command signal aq, for different
frequencies f. We observe that the phase shift does not depend on the amplitude agut
but only on the frequency f. Thus on Fig. 4.6(c) is plotted the averaged phase shift
®moy as a function of the driving frequency f.

The precise origin of the phase shift is not known and should be investigated rigor-
ously in the future of this project. The piezo cube has a resonance frequency around 1
kHz, which means that the oscillation amplitude should depend on the frequency. Fur-
thermore, the signal Ugyr is first sent to an amplifier (not represented on Fig. 4.1), then
the amplified signal is sent to the piezo cube. Both the amplifier and the piezo itself may
introduce phase shifts depending on the frequency. Finally, the sample is attached onto
the piezo cube with double-face tape. The glue of the tape itself may also introduce a
phase shift depending on the frequency.

85



CHAPTER 4. CONTACTLESS COLLOIDAL-PROBE RHEOLOGY OF SOFT
HYDROGELS

4.2.3 Experimental protocol

In this section, we describe the protocol to run an experiment to probe the mechanical
response of a soft and hydrated poroelastic hydrogel, for a given oscillation amplitude
ho at a given frequency f.

Calibration:  The preparation of the spherical probe and the measurement of the
cantilever stiffness kcanti constitute the first steps of calibration, followed by a deflection
sensitivity DS measurement (on a hard surface, no sample) of the AFM scan head. At
the chosen frequency f is associated the calibration curve of the piezo cube, which gives
the coefficient between the electric signal amplitude aqy¢ that is sent and the motion
amplitude hg that results. The intrinsic phase shift ¢,y associated to the cube at
the frequency f is also noted. Both the IN and OUT signals and the phase shift are
monitored.

Initialization: In order to use the semi-infinite poroelastic half space model presented
in the previous Chapter, a thick (the swollen thickness should be large compared to the
hydrodynamic radius) hydrated gel is placed on the piezo cube. A high offset uoys
(= 5 —8V), with a zero amplitude aqy; are set to begin the experiment. Using the
standard functions of the AFM, at a low set point in force (= 5nN) and in static mode,
the probe is brought in contact with the gel. Then the offset of the command signal
Uour is turned down to typically =~ —5V to drive away the cube, and the amplitude
aout 18 set to obtain the chosen value hg of its motion amplitude. At this stage of the
experiment the IN signal should be almost zero, since the coupling between the probe
and the gel is weak when both are far away from each other.

Approach: The experiment is run varying the offset of the OUT signal ugyr. For a
given apguTt, samplings of both the IN and OUT signals are recorded, for a given value of
offset ugy. The amplitude A and phase shift ¢ of the modulated signal are extracted.
The signals are recorded with special care to choose an adapted sampling rate (at least
20 measurement points by period) and a sufficient duration time (at least 50 periods)
to collect enough information, without excess. The measurement is repeated for a range
of offsets uoyr, typically from the initial -5 V value to 5 — 8 V. The range in offsets
corresponds to a range in distances, from large distances (almost no interaction sphere-
cube) to small distances (contact), compared to the typical height at which the probe
and the gel interact. Thus, varying the offsets realizes an approach of the cube holding
the sample towards the spherical probe.

Extracting the raw data: The oscillation amplitude of the cantilever acanti is com-
puted from the signal of the photodiode by DS ay,. The phase shift ¢ is directly mon-
itored through the lock-in amplifier software. The absolute height of the piezo cube is
deduced from the calibration described in Sec. 4.2.2.4. The initialization and approach
steps are finally repeated for each desired frequency f.

4.2.4 Preliminary results
4.2.4.1 Raw data

In Fig. 4.7 we show preliminary results of contactless, colloidal-probe experiments in
oscillatory mode on a hydrated PNIPAM hydrogel film (dry thickness 7 = 300nm,
swollen thickness Tgwollen = 47 = 1.2 um, Appendix. |A.2 for the thickness measurement),
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FIG. 4.7. Raw data of contactless rheology obtained in oscillatory contactless
mode on a soft and thick hydrogel. (a): Amplitude of AFM cantilever deflection
Qeanti 05 a function of the piezo cube height zeupe, choosing an oscillation frequency of
f = 7THz and an oscillation amplitude of hg =~ 62nm. The colored region indicates the
noise floor. (b): Cosine of the phase shift cos(¢) between the IN and OUT signals, sent
to the piezo cube and received from the AFM photodiode respectively, as a function of
the piezo cube height zpics,o. The colored region indicates the noise floor. (c): Amplitude
of the force F exerted on the spherical probe as a function of the distance between the
probe and the gel surface H. The colored region indicates the noise floor. (d): Phase
shift ¢ between the IN and OUT signals, corrected by the average phase shift ¢moy = 8°
measured during the piezo cube calibration, as a function of the gel-probe distance.The
colored region indicates the noise floor.

for a driving frequency f = 7Hz and a driving amplitude aoyt = 100mV (i.e. an
oscillation amplitude hg 2 62nm). Figure. 4.7(a) and (b) show the oscillation amplitude
of the cantilever acant; and the cosine of the frequency shift ¢ between the IN and OUT
signals, respectively, as a function of the cube height z.,pe. The raw data exhibit a
transition between two regimes depending on the piezo cube height. At small height,
the probe is far from the sample and the elastohydrodynamic coupling between both is
weak. As a result the cantilever deflection amplitude (at the driving angular frequency
w) is close to zero. The measured cantilever motion is dominated by white noise and thus
the cosine of the phase shift cos(¢) takes random values. At larger height the opposite
is observed: the cantilever deflection amplitude increases sharply at the transition until
reaching a plateau value at acanti =~ 20nm for zeype =, 400nm. A similar behavior is
observed on the cosine of the phase shift: after a sharp transition with increasing the
cube height, a plateau is reached at cos(¢) < 1.

Such saturating behaviors are interpreted as the physical contact being established
between the surface of the gel and the probe. In the limit of large heights, the amplitude
of the cantilever deflection matches the one of the gel surface. Both the probe and the
cube oscillate in phase, which means that in the gel elasticity dominates over viscous
dissipation. The amplitude of the cantilever deflection is still lower than the one of the
piezo cube, when the probe touches the gel surface. This is due to the gel elasticity that
“absorbs" the harmonic forcing of the probe on its surface. Indeed, by considering one
oscillation of the cube, at the lowest point the forcing on the cantilever is weaker. Thus,
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the resulting force applied on the gel is lower than at the highest point. As a result,
the gel exhibits a smaller strain at the lowest point of the cube than at the highest, due
to its elasticity. This explains why the amplitude of the cantilever deflection (e.g. the
amplitude of the surface deformation) is still lower than the one of the piezo cube (e.g.
the imposed amplitude of motion at the bottom of the gel).

4.2.4.2 Contact point estimate

The observed saturation allows to estimate the contact height at z.upe =~ 400nm. The
mean gel-probe distance can then be deduced as H = 400 — z¢ype. Using the cantilever
stiffness kcanti, the amplitude of the force I’ applied on the probe is deduced from the
cantilever deflection amplitude acanti- Thus in Fig. [4.7(c) and (d) the force amplitude F
and the phase shift ¢ — ¢y between the oscillation of the cube and the one of the probe,
respectively, are represented as functions of the gel-probe distance H. The correction
of ¢moy = 8° on the phase shift comes from the non-zero phase shift between the IN
signal sent to the piezo cube and its oscillatory motion, measured as a function of the
frequency (see Fig. 4.6(c)). At small distances H,, the force amplitude reaches a plateau
value at F' =~ 3nN and the phase ¢ is small. The elastohydrodynamic coupling between
the probe and the gel is strong, and the low values of the phase shift indicate a regime
where elasticity dominates, as predicted by theory in Sec. 4.1.7. At large distances, the
measured force is on the order of the typical resolution of the instrument (F = 0.1—1pN)
and the phase shift takes random values: the coupling is weak and the force is lower
than what the instrument is able to measure. The crossover between the short- and
large-distance regimes is exhibited by a sharp transition on both the force and the phase
shift. In the transition window (H, = 300 — 700 nm), the phase shift rapidly saturates at
¢ < /2 with increasing H., indicating that viscous dissipation dominates as predicted
by theory in Sec. |4.1.7. The force decreases rapidly until reaching the limit of the AFM
resolution.

In summary, the dissipative, large-distance regime is observed for H. 2 500nm.
However, in this regime, the measurement of the elastohydrodynamic coupling is limited
by the resolution in force of the instrument, thus, the measured values of both the force
and the phase shift are irrelevant for H. 2 700 nm. The limitations of the AFM being
taken into account, the representations of both the force amplitude F' and the phase
shift ¢ shown in Figs. 4.7(c) and (d) are then reminiscent of the theoretical predictions
shown in Figs. 4.2(c) and (d). In the next section we will investigate how the experi-
mentally imposed frequency changes the force response, and will additionally investigate
the conversion of the amplitude and phase shift into storage and loss components of the
mechanical response, also in comparison to the theory of Sec. |4.1.

4.2.4.3 Different responses as functions of the frequency

The experimental protocol described in Sec. |4.2.3 was repeated for different driving
frequencies. From the obtained raw data, we estimate the contact point, applying the
process described in the previous subsection. In Fig. 4.8(a) and (c) we show the measured
deflection amplitude of the cantilever acant; as a function of the gel-probe distance H
for different frequencies f. In Fig. 4.8(b) and (d) we show the phase shift between the
oscillatory motions of the piezo cube and of the cantilever ¢ — ¢noy as a function of the
gel-probe distance H for different frequencies f. In linear scale in Figs. 4.8(a) and (b),
by definition of H the contact point is estimated as H = 0. Then, the negative distances
correspond to the regime where the probe is always in contact with the gel. This regime
does not appear in logarithmic scale in Figs. 4.8(c) and (d).
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FIG. 4.8. Frequency-dependent, mechanical response of a hydrogel in oscilla-
tory contactless mode(a): Cantilever deflection amplitude acanti as a function of the
gel-probe distance H, for three frequencies of oscillation f indicated in legend, in linear
scale. The vertical orange dashed line at H = 0 represents the estimated contact point:
for negative distances H the gel and the probe are in contact at any time. (b): Phase
shift ¢ — pmoy between the oscillatory motion of the piezo cube and the oscillatory motion
of the cantilever, for three frequencies of oscillation f, in linear scale. The correction
Pmoy takes into account an intrinsic phase shift of the piezo cube and is described in
Sec. 4.2.2.4. The vertical orange dashed line is described in (a). (c): Same as in (a),
on logarithmic scale. (d): Same as in (b), on semi-logarithmic scale.

For the three frequencies investigated in this experiment, f = {7,70,700} Hz, we
observe the same general features described in the previous section for a unique frequency
f = THz. At small distances we observe a plateau both for the deflection amplitude
of the cantilever and the phase shift in logarithmic scale. Then, we observe a sharp
decrease of the deflection amplitude of the cantilever acant; with increasing distance H,
associated to a sharp increase of the phase shift ¢ — ¢moy (linear and logarithmic scales).
At large distances we observe a saturation of the deflection amplitude of the cantilever,
associated to random values of the phase shift, which corresponds to the limit of the
AFM resolution (linear and logarithmic scales). Yet, with increasing frequency f, the
transition between the short- and large-distance regimes is sharper, and even happens
on a too short range in distance to be visible for f = 700 Hz. The small-distance plateau
values in amplitude and phase are similar for the three investigated frequencies, and the
large-distance ones are similar for two out of three frequencies. Indeed, at large distance
for f = 700 Hz, the saturation of the oscillation amplitude of the cantilever is higher, and
the saturation in phase shift is lower, than for f = {7,70} Hz. The large-distance value
of the oscillation amplitude of the cantilever is above the AFM resolution (= 0.1 —1nm).
The observed features of the f = 700 Hz data we just described constitute a piece of
evidence to assess the quality of this measurement. A possible explanation would be
that the driving frequency of f = 700 Hz is close to the resonance frequency of the piezo
cube.

To properly compare the results obtained with the three driving frequencies, we
need to rescale the data. We use the theoretical framework developed in the first part
of this Chapter (Sec. 4.1), assuming the hydrogel is thick enough to be described as a
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FIG. 49. Rescaled force exerted by a hydrogel in oscillatory contactless

mode(a): Dimensionless force amplitude F (or modulus of the complex force) as a func-
tion of the normalized gel-probe distance H/H., for three normalized angular frequencies
w/we. (b): Phase shift ¢ — ¢moy (or argument of the complex force) as a function of
the normalized gel-probe distance H/H., for three normalized angular frequencies w/we.
The correction ¢moy takes into account an intrinsic phase shift of the piezo cube and is
described in Sec. 4.2.2.4. (c): Storage component of the dimensionless force (or real part
of the complex force) as a function of the normalized gel-probe distance H/H., for three
normalized angular frequencies w/w.. The dashed lines represent power laws fitted on
the “+7” data points marked by a thick dot, with resulting exponents indicated in the leg-
end. (d): Loss component of the dimensionless force (or imaginary part of the complex
force) as a function of the normalized gel-probe distance H/H., for three normalized an-
gular frequencies w/w.. The dashed lines represent power laws, with resulting exponents
indicated in the legend. The color shades used to plot each quantity on each panel are
identical to the ones used in Fig. 4.2, to guide the comparison.

semi-infinite poroelastic medium. In comparison to the gel-probe distance H, the latter
statement is true as the swollen thickness of the gel is about Tgwollen &~ 1.2 um. Compared
to the hydrodynamic radius vV2RH, considering the gel as a semi-infinite layer is more
questionable.

4.2.4.4 Rescaled data

Using the cantilever stiffness, the cantilever oscillation amplitude is converted into force
amplitude. The gel-probe distance H and the angular frequency w = 27 f are normalized
by the critical distance H. and the critical angular frequency w. respectively, given by
Eqgs. (4.19) and (4.20) respectively, as:

H_H(2G>2/3 nd
H. 8R\nw "

w  2RwH, 16(1 —2v) R% [nw\?/3
_ _ (g_y)> ‘ () L (453

we  Dpe 2G

We

We use the following values: the probe radius R = 45 pum, the water viscosity n =
1073 Pa.s, the shear modulus G ~ 5kPa (see the next Chapter), the Poisson ratio
of PNIPAM v = 0.2 [239, [240] and the permeability k& ~ lg based on the pore size
l, =~ 5nm [1]. The effective poroelastic diffusion coefficient can be also estimated with
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Eq. (4.8), as Dpe ~ 333 pm? /s, which is about 7 times smaller than the self-diffusion
coefficient of water. The three driving frequencies f = {7, 70, 700} Hz correspond respec-
tively to the reduced angular frequencies w/w. = {1.15,53.4,2470}. The force amplitude
is normalized using Eq. (4.34), as:

FH, F

F= = , 4.54
8mnwhoR? 7 Rhg (nw)*? (2G)*/* (4.54)

with hg = 62nm being the oscillation amplitude of the piezo cube. In Fig |4.9(a) and
(b) we show the dimensionless force amplitude F and phase shift ¢ — ®moy, respec-
tively, as functions of the dimensionless gel-probe distance H/H.. The two latter graphs
correspond to the theoretical predictions of Figs. 4.2(c) and (d) respectively, and are
represented with the same color shades.

As predicted by the theory, and as for the raw data, we observe for f = {7,70} Hz
the small- and large-distance regimes on both the force amplitude F and the phase shift
® — Omoy, that we detail in the following. First, we describe small distances, H/H.. In
this regime, the normalized force amplitude as a function of the normalized distance
exhibits a plateau which reaches the values F = {1.8,0.8,0.5}, respectively for the
reduced angular frequencies w/w. = {1.15,53.4,2470}. These measured values can be
compared to the predicted values based on the linear poroelasticity theory developed in
Sec. 4.1. In particular, the numerical resolution of the force is used as in Fig. 4.2(c) to
predict the theoretical dimensionless force values, as F = 2.3 — 3, the value increasing
with increasing frequency. The phase shift also exhibits a plateau, the value of which
is about 0° for the reduced angular frequencies w/w. = {1.15,2470} and about 15° for
w/we = 53.4. As for the force, these measured phase shifts can be compared to the
predicted values, which are ¢ = 30 — 33°. The qualitative features of the experimental
data match the theory at small distances, which suggests that the elastic response of
the gel dominates. However, the quantitative measurements exhibit deviations from
the theory that we will discuss below. Before such discussion, we next describe large
distances.

For H/H. 2 {3,0.3} the normalized force amplitudes decay as power laws for the re-
duced angular frequencies w/w. = {1.15,53.4} respectively. For w/w. = 2470, we do not
observe a decay, but a second plateau for H/H. 2 0.06. This observation is in contrast

~

with the theory, predicting a power-law decay for H/H. 2 0.3. At the same threshold
values in H/H., we observe a sharp increase of the phase shift, reaching ¢ — ¢mey ~
{80,94, 70}° respectively for the reduced angular frequencies w/w. = {1.15,53.4,2470}
(theoretical predicted value ¢ = 90°). At large distances, the qualitative features of the
experimental data match the theory for the angular frequencies w/w, = {1.15,53.4},
which means that the viscous, dissipative response of the fluid dominates. The quan-
titative measurement of the threshold in H/H. and the phase shift are close to the
theoretical prediction for w/w. = 53.4.

From the normalized force amplitude and the phase shift, we can compute the nor-

malized complex force F*, as:
F* = Fell%moy) — Re [F*] + iIm [F*} , (4.55)

the amplitude F' being the modulus and the phase shift ¢ — ®moy being the argument
of the complex force. The real and imaginary parts of the complex force are shown in
Figs. 4.9(c) and (d) respectively. The two latter graphs corresponds to the theoretical
prediction of Fig. 4.2(e), and are represented with the same color shades.

As predicted by the theory, as for the raw data and the amplitude-phase representa-
tion, we observe for f = {7,70} Hz the small- and large-distance regimes on both the real
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and imaginary parts of the normalized complex force Re [F’ *} and Im [F’ *} respectively,
that we detail in the following. On the one hand, at small distances H/H,, the real
part of the normalized force as a function of the normalized distance exhibits a plateau
which reaches the values Re [F’*} ~ {1.8,0.8,0.5}, respectively for the reduced angular
frequencies w/w. = {1.15,53.4,2470}, that correspond respectively to the three driving
frequencies f = {7,70,700} Hz (theoretical predicted value Re {F *} = 2 —2.5). The

imaginary part exhibits a plateau too, which reaches the values Im [}3’*] ~ 0.2 for the
reduced angular frequency w/w. = 53.4 (theoretical predicted value Im [F *} =1.3-1.6).

A unique point at Im [F*} ~ 0.2 is observed for w/w, = 1.15 at a similar value in force,

and no plateau is observed at small distances for w/w. = 2470. The qualitative features
at small distances match the theory for w/w. = 1.15 and partly for w/w. = 53.3, which
means that the elastic response of the gel dominates. Yet, the quantitative measurements
exhibit deviations from the predicted values. On the other hand, for H/H. 2 {3,0.3}
the real part of the normalized force decays approximately as a power law for the reduced
angular frequencies w/w. = {1.15,53.4} respectively, with —5.7 + 0.1 and —2.5 £ 0.6 fit-
ted exponents respectively. For w/w. = 2470, we do not observe a decay, but we observe
only a second plateau for H/H. 2 0.06. The theory predicts a decay for H/H. 2 0.3
with a —2.5 exponent. At the same threshold values in H/H,, the imaginary part of
the normalized force decays in a power law w/w. = {1.15,53.4}, with —1.13 £ 0.02
and —1.05+£ 0.01 fitted exponents respectively (theoretical predicted exponent —1). For
w/we = 2470 we observe a plateau instead for H/H. 2 0.06. At large distances, the
qualitative features of the experimental data match the theory for the angular frequen-
cies w/w. = {1.15,53.4}, which means that the viscous, dissipative response of the fluid
dominates. The quantitative measurement of the threshold in H/H. and the decay ex-
ponents both for the real and imaginary parts are close to the theoretical prediction for

w/we = 53.4.

In summary, three data sets are presented here. First, the experimental data set at
f=T00Hz (w/w. = 2470) does not match the qualitative features of the theory. Second,
the experimental data set at f = 7Hz (w/w. = 1.15) exhibit the qualitative but not the
quantitative features of the theory. Third, the experimental data set at f = 70Hz
(w/we = 53.4) matches the theoretical prediction qualitatively and quantitatively at
short and large distance, albeit the slightly low value of the force at small distances. In
the next section we discuss these agreements and disagreements in more detail.

4.2.5 Discussion
4.2.5.1 Validity of the hypotheses

We observe a qualitative agreement of the experimental data with the theory for w/w. =
{1.15,53.4} and furthermore a quantitative one for w/w. = 53.4. The theoretical frame-
work of the contactless, colloidal-probe rheology experiment presented here is developed
based on several hypotheses. First the lubrication approximation should be valid, which
stipulates that the fluid gap is small compared to the hydrodynamic radius: H < v2RH.
The largest gel-probe (i.e. fluid gap) distance H taken into account here is 1 um. The
sphere radius being 45 ym, then vV2RH = 9.5 um and thus limit of validity of the lu-
brication approximation is reached. Second, the viscous penetration depth should be
large compared to the fluid gap: /n/(pw) > H. For the highest frequency f = 700 Hz,

92



4.2. PRELIMINARY EXPERIMENTS

the viscous penetration depth can be estimated at 15 um, which is one order of magni-
tude more than the largest distance H. Again, the limit of validity of this hypothesis
is reached. Third, the oscillation amplitude should be small compared to the fluid gap:
ho < H. In the experiment presented here, the oscillation amplitude is hg = 62nm. The
experiment is conducted varying the cube height on a sufficiently large range so that the
contact between the sample and the probe is achieved. The contact point is deduced from
the raw data to extract the gel-probe distance. Thus, for a few data points at the small-
est distances H, this hypothesis breaks necessarily down. Here, arguing that at least an
order of magnitude should be kept between hg and H to verify the hypothesis, the range
in distances for which the latter is verified starts at & 600 gm which falls in the observed
large-distance regime. Thus, for all the data points at smaller distances than 600 pm,
which covers both the small-distance regime and the crossover with the large-distance
regime, the hypothesis is not verified, and a large-deformation modeling would be prob-
ably relevant. Yet, interestingly, the qualitative expected features of the force-distance
data are observed, and even quantitatively for one over three driving frequencies, even
though the last hypothesis is not satisfied. To conclude, in order to preserve the three
hypotheses listed above, the experiment should first of all be run at a smaller oscillation
amplitude (i.e. hg < 10nm). Then, a bigger probe could be tested, to preserve safely
the lubrication approximation. Finally, to ensure a large viscous penetration depth, one
can fix an upper bound for the frequency range to explore at 500 Hz.

4.2.5.2 Asymptotic compressible-like behavior

In the theoretical framework presented in this Chapter, the response in force of a poroe-
lastic gel exhibits a transition from an incompressible-like response to a compressible-like
response with increasing reduced angular frequency. The incompressible asymptote is
almost reached for w/w. = 0.001 and the compressible one for w/w. = 10. Thus,
in the goal of showing an evidence of the porous signature of the poroelastic gel, the
range of angular frequencies to explore should match these two bounds. In the experi-
ment presented in this Chapter, the reduced frequencies are in the high-frequency limit
(w/we = {1.15,53.4,2470}). Thus, the asymptotic compressible-like behavior is mainly
probed. Reducing the normalized angular frequency down to 0.001 would probe the
asymptotic incompressible-like behavior and the range of frequencies in between these
two boundaries would probe the crossover behavior between the two limit incompressible
and compressible cases. In practice, as the reduced angular frequency scales with wb/3
(see Eq. 4.53), to achieve a range of four orders of magnitude in w/we, the frequency f
(in Hz) has to vary only of a factor 10'2/5> ~ 250, the other experimental parameters
being kept fixed. Alternatively, we can consider that the sample is kept identical, thus
the experiment has to be adapted. To reduce the normalized angular frequencies, a
probe of smaller radius could be chosen (but not so small either, as to risk losing the
validity of the lubrication approximation).

Otherwise, fine tuning the mechanical properties of the hydrogel to highlight its
porous signature by the experiment presented here could be a track: the hydrogel should
then be stiffer and/or having a larger pore size (thus a larger porosity k). Finally, the
variation between the two limit incompressible-like and the compressible-like behaviors,
due to the porosity, is small as predicted by the theory. The experiment presented
here may show an evidence of the porosity of a sample, but this signature would be a
discrete feature in any case. To ensure the validity of such a delicate measurement, the
experiment should be repeated to ensure good enough statistics.
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4.2.5.3 Quality of the experiment

The preliminary results presented in Sec. 4.2.4] were collected during a single crash-test
experiment, which first aimed only at testing the recently-built setup and the home-
made code running all the experiment. Because of a lack of time, the experimental data
were deeply analyzed far later and the experiment was not repeated. For these reasons,
the prescribed experimental parameters such as the oscillation amplitude hg and the
frequency f could not be fine-tuned. The hydrogel sample may also be too thin to be
considered as a semi-infinite poroelastic media. Finally, such a delicate experiment needs
some practice, and there was only one try.

Despite these considerations, the collected data show promising results: on two out
of three driving frequencies f we observe qualitatively the predicted response of the
hydrogel, for one we find moreover a quantitative agreement with the theory. The force
response is characterized by two regimes depending on the gel-probe distance. At small
distances, the elasticity of the gel dominates in the response in force, which translates by
a saturation of the force amplitude and a low value of the phase shift. At large distances,
the viscous dissipation happening in the fluid phase dominates in the response in force,
which translates by exponential decays of the storage and loss components of the force
with characteristic exponents. Thus, the results presented here constitute a proof-of-
concept that the built experiment can probe the mechanical response of a soft and
porous thick gel, as predicted by the theory developed in Sec. 4.1.

4.3 Conclusion

In the first part of the present Chapter, we derived theoretically the mechanical re-
sponse of a gel to a vertically oscillating spherical probe in lubrication conditions within
a fluid. The gel is modeled as a poroelastic, compressible, permeable, semi-infinite
medium and the surrounding fluid is identical to the solvent present in the polymeric
matrix. The complex amplitude of the force exerted on the spherical probe was numer-
ically computed and studied. As a result, contactless colloidal-probe methods in the
linear response regime appear as good candidates to robustly measure the effective elas-
tic properties of soft and fragile gels, without risk of wear and adhesion. However, such
experimental techniques are not suitable to probe permeability. In the second part of
the present Chapter, we presented a contactless, colloidal-probe, AFM-based experiment
on a thick PNIPAM hydrogel film immersed in water. We showed preliminary results
demonstrating the efficiency of the method to probe elastic mechanical properties of a
soft hydrogel. With fine-tuning, the method could also highlight the porous signature
of the soft hydrogel.

The data collected with the contactless experiment on a swollen PNIPAM gel pre-
sented in this Chapter constitute in a sense dynamic rheology data, since they present
a study of the mechanical response of the material as a function of the excitation fre-
quency. Then, a natural comparison would be to confront these data to pure rheology
data collected on PNIPAM microgels and grafted PNIPAM gels. The measured response
in the limit of small gel-probe distances could be compared to rheology data. Yet, some
adaptation work would be needed. A pure rheology experiment is realized with a probe
in contact with the material to investigate, thus presents a risk of damaging the sample,
which in turn could modify the measured mechanical response of it. Here, the strength
of the method lies in the contactless aspect, thus the latter prevents the risk of damaging
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the sample.

Exploiting the experimental method associated with the theoretical framework de-
veloped in this Chapter, more complex systems such as bending membranes or biological
samples could be investigated without damage. Extending the theory to other complex
materials, such as viscoelastic matter, or even samples exhibiting a plastic behavior, the
experiment could be adapted to probe such non-trivial materials, still in a non-invasive,
contactless mode to prevent damages.

In the next Chapter we present experimental results on the mechanical response of
PNIPAM thin films, based on a contact-mode method, to contrast with the present Chap-
ter. We investigate the properties of the hydrogel by approaching a lubricated spherical
probe until touching the gel, then the probe continues to indent the gel, provoking large
deformations and the dehydration of the gel.
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Chapter 5

Mechanical response of a
hydrogel: from small
deformations to the
dehydration-induced glass
transition

In the present Chapter, we investigate the mechanical response of PNIPAM hydrogel
thin films using an approach method (see Fig. [1.8(d)). When the contact is established
between the probe and the hydrogel, the experiment continues, such that the gel is
probed by indentation (see Fig. 1.8(e)). The method described in this Chapter allows to
probe several regimes of mechanical response, from a small-deformation and lubricated
regime, to a large-deformation, in-contact one. Here, we perform Surface Forces Appa-
ratus (SFA) experiments, in sphere-plane geometry, on initially fully swollen PNIPAM
hydrogels. In a first part, we describe the experimental setup, in which the approach of
the probe gradually compresses the hydrogel, until reaching full compression. In a second
part, we present the theoretical modeling of the observed experimental data. Several
regimes characterizing different physical behaviors are observed during an approach.
Efforts are made to identify and characterize each regime: complementary numerical
simulations are developed to describe early lubricated regimes while a non-linear fitting
method is implemented to describe the late contact problem and resolve the transition
between these two main regimes. We show that the hydrogel undergoes a glass transi-
tion, triggered by dehydration, itself due to the large indentation. We finally find the
point that marks the onset of the dehydration-induced glass transition of the PNIPAM
hydrogel.
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5.1 Experimental setup

The experimental setup consists in a miniature Surface Forces Apparatus (u-SFA) in
sphere-on-flat geometry, observed through the objective of an inverted microscope .
Fig. 5.1(a) shows a schematic of the SFA and Fig. 5.1(b) a picture of the lens from a
top view. The SFA is used to investigate the mechanical properties of swollen PNITPAM
hydrogels thin films.

5.1.1 u-SFA

A sample to investigate is first deposited on a circular glass coverslip, which is glued
to the stainless steel support of the SFA, using a UV-curable glue (Nordland Optical
Adhesive, NOA81). The body of the u-SFA contains a glass spherical lens of radius
R ~ 2.1cm, which is held by a stainless steel support, connected to two metal blades
acting as a spring of stiffness K ~ 1000 N/m. The lens is initially placed up, with the
help of a coarse screw acting on the back of the metal blades. The support on which
the sample is glued is then mounted onto the u-SFA body. We then aim to place the
glass lens at about 0.5 cm of the sample, with the help of the coarse screw. A distillated
water drop is deposited in between the lens and the sample, using a syringe, and forms
a capillary bridge between the lens and the sample. Finally, an electric motor acts on
the extremities of the metal blades and drives the lens upwards and downwards. A
continuous electrical voltage is applied to the motor (typically U = 5 — 11V, direct
current(DC)), so that the back of the metal blades is driven at a constant velocity V.
In this Chapter we show typical experiments on thin, grafted PNIPAM hydrogel.
The samples are prepared on circular coverslips (diameter 22 mm, VWR, Micro Cover
Glasses, round, no.2), following the protocol given in Chapter 2, Sec. 2.1.1. The sample
is mounted onto the SFA body with a concern for extreme cleanliness. Several approach
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FIG. 5.1. Surface Forces Apparatus.(a): Schematic of the SFA. A glass lens is held
by two metal blades (in orange) acting as a spring. By driving downwards the back of
the metal blades at a velocity V', the lens is approached close to an investigated sample
(in magenta), immersed in water. The sample is held by a planar glass coverslip, which
is transparent. The apparatus is placed above the objective of an inverted microscope: a
light ray sent through the coverslip is reflected on the lens. The interference between the
incident and reflected rays is observed in the microscope. The distance D between the
two glass surfaces is measured by interferometry (see Fig. 5.2). (b): Top-view picture
of the glass lens, housed in its metallic support. The two metal blades holding the lens
support are visible on the top and bottom of the picture. The square support is about
1.5cm.
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FIG. 5.2. Analysis of the interference pattern.(a): Typical interference pattern,
called Newton’s rings, recorded at the inverted microscope and divided by the background
image, for a distance D smaller than the coherence length of the incident light (wave-
length centered at A\ ~ 595nm). The blue bar represent 100 pm. (b): Normalized light
intensity from the image (a), averaged over the azimuths, as a function of the radial
coordinate r. (c): Reconstructed interferogram. The averaged radial intensity is plotted
in colored scale as a function of the radial coordinate (vertical axis) and as a function
of time (horizontal axis).

velocities are tested. A given approach is ended by switching the motor off, when the
probe is compressing the gel at a point where we do not observe any further evolution of
the interference pattern. Several more images are recorded. Then, the probe is retracted
by inverting the polarity voltage on the motor. The retraction experiments are not shown
here.

5.1.2 Images of Newton’s rings

The apparatus is placed on the top of the objective of an inverted microscope. We use
a multicolored LED light source (CooLED pe-4000, 16 colors). In particular, we use the
yellow color (whose wavelength is centered around A =~ 595 nm). The light beam is sent
through the objective and passes successively through the glass coverslip, the hydrogel
film and the water drop. The ray reflects at each interface, and in particular on the
surface of the spherical lens. Then, the reflected ray passes successively through the
same media, and interferes with the incident ray. The reflected ray is reflected again on
the glass surface of the coverslip, and again on the one of the sphere, etc. The multiple
reflections between the two glass surfaces build an interference pattern, that we refer to
as Newton’s rings. The minimal distance between the two glass surfaces is noted D. If
the optical path difference 2D is smaller that the coherence length of the incident light,
we can observe in the microscope the interference pattern at the surface of the coverslip.
A CCD camera (Hamamatsu ORCA-ER II) is mounted onto the inverted microscope
and records the interference pattern.

A background image is recorded when the distance D is long enough so that the
Newton’s rings disappear. In Fig. |5.2(a) is shown a typical interference image which
consists in a raw image taken at a close distance D, divided by the background image.
A first Matlab code written by one of my supervisors finds the center of the rings, and
computes the radial intensity profile averaged on azimuths, as shown on Fig. 5.2(b) (see
Appendix A.6| for the details of the algorithm). During an approach of the spherical
probe towards the soft sample, the interference pattern is recorded with time, and the
averaged intensity profiles are extracted for each image at each time step. In Fig. 5.2(c)
we show a reconstructed interferogram of the averaged intensity as a function of the
radial coordinate r and the time t. We observe that with the decrease of the distance
D as the spherical lens approaches the sample, more rings are visible on the image, and
the contrast is enhanced.
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5.1.3 Modeling the interference pattern
5.1.3.1 Multiple reflections between two glass interfaces

The interference pattern observed at the interface between the coverslip and the gel
is generated by multiple reflections of an incident light ray onto the coverslip and the
glass interface of the lens. This phenomenon is modeled with geometrical optics, by
considering a three-layer system. The coverslip and the lens are made of glass, and have
an optical index noted ng. In between, water and the swollen gel are present. The latter
is composed of ~ 80% of water, thus we assimilate it to water and consider its optical
index to be the same than the one of water, noted ny. The Fresnel coefficients at the
coverslip and lens interfaces respectively [266] read:

Ny — NG

= 5.1
Tgw Ny + ng ) ( a‘)
Ng — Ny
== 5.1b
e Nw + Ng ( )

The optical indices n depend slightly on the light wavelength A. Tables of the optical
index of a given material (e.g. water or glass) as a function of the wavelength can be
found at https://refractiveindex.info/about. In Fig. 5.3(a) we show the tabulated
optical indices of water and glass, n,, and ng respectively, as functions of the wavelength
A that we use in the present analysis. Then, the numerical aperture of the microscope is
small, so that we consider a normal incidence. The sphere radius R being large compared
to the thickness D of the water-and-hydrogel layer, we consider the two interfaces to be
flat, and that the reflected ray stays normal to the interfaces. In such conditions, the
reflectance of the system can be derived [266], as:

réw + 27 gy g cOs(2P) + rv%g

R(P) = 5.2
(®) 1+ 2rgyrwg cos(2®) + 72,72, (52)
with ® the phase shift introduced by a reflection, which reads:
2
(D) = Tﬂ-ngD. (5.3)

The reflectance R is shown as a function of the distance D for different light wavelengths
A in Fig. 5.3(b). Combining Egs. (5.2) and (5.3), and normalizing, we get the light
intensity as a function of the distance D between the two glass interfaces, for a given
wavelength.

5.1.3.2 Spectrum bandwidth of the light source

In practice, we use a LED light source, that emits a yellow light whose wavelength is
centered around A ~ 595 nm. The spectrum of the light source has a finite bandwidth.
A precise measurement of the spectrum was provided by the manufacturer, and is shown
in Fig. 5.3(c). After smoothening and applying corrections to the measured spectrum,
based on measured data, a calibrated filter is established, whose transmission function
is noted 7(A). The intensity as a function of the distance is then obtained with a
summation of the reflectance R over the wavelengths A\, weighted by the transmission
function of the filter T, such that:

(D) = /0 TR, NTO. (5.4)

The resulting intensity is shown in Fig. [5.3(b).
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FIG. 5.3. Modeled light intensity as a function of the distance between the
two glass surfaces. (a): Optical indices of glass and water, ng and ny respectively,
as functions of the light wavelength X. (b): Reflectance R as a function of the distance
between the two glass interfaces D, for different wavelengths A. (c): Normalized intensity
of the 595 nm channel of the LED light source, measured as a function of the wavelength
A (yellow). Corrections based on measured data are applied to this measurement, which
establish a calibrated filter (orange). (d): Theoretical light intensity I as a function of
the distance D, as computed with Eq. (5.4).

5.1.3.3 Fitting of the intensity profiles to extract the distance to the probe

The spherical lens profile is modeled as a parabola, making the assumption that the
radius of the sphere R is large compared to the distance between the two glass surfaces
D(r = 0). Thus, the sphere profile can be written as:

r2

D(r)= D(0) + IR (5.5)
As a result, from a given experimental intensity profile, we can compute the light inten-
sity as a function of the distance to the sphere surface. A second code written by one of
my supervisors performs a fit of the intensity as a function of the distance D(r), based
on the model described in the previous section (see Fig. 5.3(d)), with the distance at the
center D(0) being a fit parameter. As such, the distance D(0) is extracted as a function

of time for a given approach of the spherical probe.

5.1.4 Experimental results
5.1.4.1 SFA data in approach mode towards a ultra-thin PNIPAM hydrogel

The series of images, an example of which is shown in Fig. 5.2, was made during an
approach towards an ultra-thin grafted PNIPAM hydrogel, of dry thickness 74,y = 66 nm,
immersed in water (thus, of swollen thickness 7 ~ 474,y). To preserve the cleanliness, the
dry thickness is measured by AFM after performing the SFA experiment, and is presented
in Appendix |A.2. Similarly, the flatness of the sample can be checked a posteriori by
AFM. In Chap. |2, we showed that a threshold in thickness at about 7 ~ 70 nm determines
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FIG. 5.4. Fits of two intensity profiles extracted from Newton’s rings images.
(a) and (b): Two Newton’s rings images obtained after division by the background im-
age, at two different times of an approach indicated in Fig. 5.5. The pink bar represents
100 pm. (c¢): Intensity profiles I(r) extracted from (a) and (b). The colored zone repre-
sents the range used for fitting. (d): Intensity I as a function of D(r), using Eq. (5.5),
and the respective fitted values of D(0) as indicated in the legend.

the onset of creasing instability. Thus, thinner samples are expected to be flat. On the
contrary, to enhance the effect of the hydrogel presence on the SFA results, we aim at
fabricating a hydrogel as thick as possible. Then, a hydrogel whose thickness is a little
below the threshold of 7 &~ 70 nm may show some elastic signature and is expected to
be flat, which is indeed the case in the experiment presented in this section.

From each image of a series constituting one approach, the intensity profile is ex-
tracted. In Figs. 5.4(a) and (b), we show two images of Newton’s rings, at two different
times, and their respective intensity profiles (see Fig.|5.4(c)). The distance D(0) is fitted
on each profile represented as a function of D(r) using Eq. (5.5) (see Fig. 5.4(d)), typ-
ically on a range r € [100;300] um along the radial axis. Thus, in Fig. 5.5(a) we show
the fitted distance D as a function of time ¢. The two experimental points corresponding
to the images shown in Fig. 5.4 are marked on Fig. 5.5(a), using the same color code.
Three regimes can be observed, with increasing time. First, we observe a linear regime,
in which the hydrodynamic probe-gel interaction is weak. The constant Stokes drag,
applied on the spherical probe as it moves at a constant velocity V in a viscous liquid,
constitutes the dominant force. The linear regime can be fitted, and the slope provides a
measurement of the velocity of approach. In the data shown in Fig. 5.5(a), we measure
a velocity of V' = 50.8 nm/s. Second, an intermediate regime starts where the experi-
mental curve shows a deviation from the linear fit, at about ¢ ~ 20s. In this regime the
hydrodynamic probe-gel coupling is strong. The glass substrate on which the sample is
grafted constitutes a rigid boundary. The presence of both the sample and the substrate
influence the hydrodynamic motion of the spherical probe in the liquid. At a certain
point during the approach, the contact between the probe and the gel is reached, and
the probe indents the gel. Thus, the elastic response of the gel to indentation becomes
dominant, and influences the motion of the sphere. Third, in a final regime, starting at
about t =~ 100s, the distance between the two glass surfaces D reaches a plateau value,
at Dgnal = 0.156 pm. In this regime the gel is fully compressed and the spherical probe
does not indent the gel any further. The motor is turned off at tsop, = 142.5s when the
final regime is observed.

The two metal blades holding the spherical lens act as a spring, of equivalent stiffness
K. Thus, the compression of the equivalent spring corresponds to the resulting force,
up to the stiffness, and constitutes a relevant information to extract. From the distance
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FIG. 5.5. Raw SFA data on a swollen PNIPAM hydrogel. (a): Distance between
the two glass surfaces D as a function of time t (blue cross symbols). A linear fit of the
initial regime provides a measurement of the approach velocity: V = 50.8nm/s. When
no change is visible on the interference pattern, the motor is turned off (black cross
symbol). A few more images are recorded (gray cross symbols).(b): Spring compression
0, as computed in Eq. 5.6 from the data of (a), as a function of the distance between the
two glass surfaces D. The black cross symbol is explained in (a).

D as a function of time ¢, the spring compression ¢ can be computed, as:

6(t) = D(t) — (=Vt+b) for ¢ < tsop, (5.6a)
5(t) = D(t> - (_VtStOP + b) for t > tstopa (5-6]3)

with V' the velocity of approach, and b the y-intercept of the linear fit. In Eq. (5.6),
the difference between the distance D and the initial linear regime (—Vt+b) defines the
compression. This definition does not take into account an initial offset in compression.
As the sphere is moving in a viscous liquid, the Stokes drag is initially present and results
in an offset of spring compression. We can compute an order of magnitude of the initial
spring compression, as:

6mnRV
K

with the water viscosity 7 = 1073 Pa.s, the radius of the sphere R = 20.3 mm, the spring
stiffness K = 1000N/m, and the velocity V' = 20 — 50nm/s. As a result, the initial
spring compression is negligible compared to the sensitivity of the instrument (about
1nm). Similarly, an order of magnitude of the Stokes drag can be computed, as:

5(0) ~ 1075 nm, (5.7)

Fstokes = 6mnRV ~ 1072 nN. (5.8)

In summary, in the definition of § given in Eq. (5.6)), the Stokes drag is subtracted, and is
negligible compared to the sensitivity of the instrument and the others forces. A previous
work on confined ionic liquids studied in SFA comes to the same conclusions [267].
From the distance D as a function of time ¢, the spring compression § is computed
as a function of time ¢. Combining 0(¢) with the data of the distance D as a function
of time, we can get the spring compression as a function of the distance 6(D), which
corresponds to a force-distance curve (up to the stiffness). In Fig. 5.5(b) is shown the
spring compression 0, as computed in Eq. (5.6), as a function the distance between the
two glass surfaces D. The same three regimes as in Fig. 5.5(a) are observed. First,
at large distance D, the measured compression § is zero, which corresponds to the
initial regime. In this regime, the hydrodynamic probe-gel coupling is weak. Thus, the
spherical probe moves at a constant velocity V' in the viscous solvent, and the Stokes
drag applied on the spherical probe constitutes the dominant force. Second, at small
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FIG. 5.6. Influence of the dynamics on SFA data on a swollen PNIPAM hydro-
gel (a): Distance between the two glass surfaces D as a function of time t, for different
command velocities V' indicated in legend (blue curves). The black cross symbols marks
the moment when the motor is turned off. The measurement is stopped a few tens of
seconds later (gray curves). (b): Distance between the two glass surfaces D as a func-
tion of the traveled distance imposed at the back of the spring V't, for different command
velocities V. The black cross symbols are explained in (a). The black rectangle indicates
a zoomed region. (c): Zoom of (b), as indicated by the gray rectangle on (b). (d): Spring
compression 0, as computed in Eq. (5.6) from the data of (a), as a function of the dis-
tance between the two glass surfaces D, for different command velocities V.. The black
cross symbols are explained in (a).

distances D, the spring compression d increases strongly with decreasing distances. In
this regime, the hydrodynamic probe-gel coupling is strong. The vicinity of the boundary
slows down the sphere velocity, as a result of an additional force applied on the latter.
Then, the spherical probe touches the gel and starts to indent it. Thus a transition
between a lubricated regime and a contact regime happens. Third, at the final distance
Dgnar = 0.156 um, the spring compression diverges until the motor is turned off, at about
I(tstop) ~ 6 um. In this regime, the maximum compression of the gel is reached. After
the motor is turned off at tsp, the velocity of the back of the spring is 0. Thus, the
spring compression ¢ does not increase anymore and keeps its final value §(tstop)-

5.1.4.2 Influence of the dynamics

The experiment described above is repeated on a given sample for a range of command
voltages sent to the motor, which is typically in the range of U = 5 — 11V (DC). The
resulting approach velocities range typically from 20 to 60 nm/s. In this section we
present SFA results performed on a similar ultra-thin PNIPAM hydrogel (dry thickness
Tary = 651nm) than in the previous section, fabricated in the exact same experimental
conditions, investigated with six different command velocities. In Fig. 5.6(a) is shown
the distance D between the two glass surfaces as a function of time, for each command
velocity V. For an easier reading, offsets in time were introduced such that all curves
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start from the same point D(0) ~ 1.35 um. The experimental data points are connected
with full lines to avoid confusion. As expected, the six experimental curves exhibit
different velocities, in the initial, linear regime. The final distances Dgypa are similar
among the six curves, with four over six in the interval Dgp, € [0.230;0.238] pm, the
last two being Dgpa = 0.245 um and Dgpa = 0.263 pm. To make the initial regimes
merge among the six experimental curves, we plot instead in Fig. 5.6(b) the distance
D between the two glass surfaces as a function of the time multiplied by each velocity
Vt, which corresponds to the distance traveled by the back of the spring. We observe
at first sight that the six curves collapse in such a representation. However, the travel
distance imposed to the back of the spring Vigiop at the time tgiop, at which the motor is
stopped because no further evolution of the Newton’s fringes is seen, seems to increase
with the velocity. Furthermore, by taking a zoom as shown in Fig. 5.6(c), we observe
a slight dependence of the distance D as a function of the travel distance V't imposed
to the back of the spring on the command velocity V. Finally, in Fig. 5.6(d) we show
the spring compression §, as computed from Eq. (5.6), as a function of the distance D
between the two glass surfaces. Here, the dependency on the command velocity V is
clearly observed.

5.1.4.3 Discussion

A purely elastic, conservative system would show always the same response in terms
of force-distance curves. In the results presented here, a velocity-dependent response
testifies of dissipative effects in the system. Several possible causes of dissipation can be

identified.

Stokes drag: First, as the spherical probe of radius R moves in a viscous liquid
of dynamic viscosity n, at a constant velocity V', viscous dissipation happens at the
interface between the sphere and the fluid. In the initial, linear-in-time regime, the
resulting Stokes drag Fsiores = —6mn RV is constant and is not taken into account in
the force measurement presented in Fig. 5.6, up to the stiffness factor. However, in the
intermediate regime, one should consider a correction to the classical Stokes drag, taking
into account the vicinity of a boundary [67, 211]. In the case of a rigid boundary, the
corrected form of the Stokes drag is expressed as follows:

FStokes,conﬁned = _671—7777' (59)

In the present experiment, several confinement effects on viscous dissipation could be
relevant: (i) when the spherical probe enters in the zone of the immediate vicinity of
the gel surface, (ii) as long as the velocity of the sphere in the liquid is large, (iii) while
there is a lubrication fluid layer in between the sphere and the gel surface, which is true
until the spherical probe touches the gel surface.

Hydrogel porosity: Second, the porous matrix of the PNIPAM gel typically swells
four times in thickness when immersed in water. As a result, the swollen hydrogel
is composed of about 75% of water in volume. The pore size is estimated at [, ~
10 nm [243], and we make the hypothesis that the permeability scales with the pore size
to the square: k ~ ZIZ). When a viscous fluid of dynamic viscosity n is forced to flow
inside a porous network, dissipation occurs at the interfaces between the fluid and the
polymer chains. The latter effect is modeled from a coarse view by Darcy’s law, which
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links the applied pressure field P to the resulting fluid velocity v, as:

k
v=— VP (5.10)

Thus, based on Darcy’s law, a higher pressure difference is applied inside the pores by
imposing a higher fluid velocity on a same length scale. Dissipation occurs inside the
porous matrix. Finally, dissipation in the hydrogel would occur either with a lubrication
fluid layer in between its surface and the spherical probe, either with the spherical probe
being in contact with the hydrogel surface.

At this point, a better understanding of the SFA data is desired. A first hint would be
to identify the contact point, and thus make the difference between the lubricated regime
and the contact regime. Then, the discussion around possible sources of dissipation can
be adapted depending on the boundary condition at the gel surface. In the next part of
this Chapter we present modeling efforts, whose results provide a more precise estimation
of the contact point. Different regimes are highlighted, and the experimental results are
described separately before and after the contact point.

5.2 Theoretical modeling

In this section we present different models that are used to describe the experimental
SFA data. Numerical simulations and non-linear fitting methods are used in complement
to rationalize the data. The first question to answer, at least by making an estimation,
is the resolution of the contact point, that marks the transition between two different
physical situations. Before the spherical probe touches the surface of the gel, we consider
a lubrication problem, coupled with the (poro)elasticity of the gel. After the contact is
made, we consider a contact-mechanics problem. We start with the contact-mechanics
problem, that enables to estimate the contact point. Then, we continue with the lubri-
cation problem.

5.2.1 Contact regime: Hertz theory
5.2.1.1 Theory

A schematic of the situation is presented in Fig. 5.7. We consider that a sphere of radius
R indents over a depth bi,q, a semi-infinite elastic medium, of Young’s modulus £ and
Poisson ratio v. The resulting force F' exerted by the sphere on the semi-infinite elastic
medium is derived from the Hertz contact theory [216], and reads:

4 3/2 . . E
In the case of the SFA experiments presented here, the spring deflection is considered
instead of the force. Both are linked by a factor, which is the stiffness K. The spring

deflection reads:

F 4 E 3/2
=_—=-——"___/Rb'?. 1
=% 3K(1—1v2) Bbina (5.12)

Hertz theory intervenes when the sphere touches and indents the gel. Thus, in the Hertz
regime, the distance D between the two glass surfaces is smaller than the undeformed
thickness 7. The indentation b;,q is then defined by computing the difference between
the thickness and the distance to the glass substrate, as:

bina(t) =7—D(t) for D <. (5.13)
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FIG. 5.7. Hertz contact model for a sphere indenting an elastic material. (a):
An infinitely rigid sphere of radius R indents over a depth binq an elastic and compressible
material, of Young’s modulus E and Poisson ratio v. The typical area of contact is given
by 2Rbing. (b): Spring compression ¢ as a function of indentation by,q = 7 — D, and
fit with Hertz theory (dashed line). The thickness is estimated at T ~ 306 nm. The fit
is obtained within an error given by x?> = 0.15, which is represented by the green zone.
(c): Distance D as a function of time t. The point Mye, is defined by the coordinates
(tHertz, T) and marks the transition between the lubrication and the contact regimes.

5.2.1.2 Non-linear fitting method

We perform a fit of the experimental spring compression ¢ with the Hertz model, based
on the logarithm of Eq. (5.12), as:

E
3K(1—-v?)
with the thickness 7 and the prefactor containing the reduced Young’s modulus E*
being fit parameters (the thickness is taken in a given range of physically-possible values,

7 € [200,350] nm). The thickness 7 defines a time tyet,, and an offset in compression,
as:

log [6(¢) — Gtterty] = log VE| + g log [+ — D(1)]. (5.14)

(5.15a)
(5.15b)

D(tHertz) =T,
6Hertz = 5(tHertz)'

In Egs. (5.15)), thert, corresponds to the time at which contact would be made if the gel

was an infinitely rigid solid. dpert, corresponds to the actual compression at that precise
time, and gathers other lubrication forces from previous regimes. The couple (tyerts, 7)
defines the point Mpget,. The fit is performed using a least-square method on Eq. (5.14),
with the slope 3/2 being fixed.

5.2.1.3 Numerical computation of the distance as a function of time

The fit of the experimental data to the Hertz model is performed on the compression-
distance representation. The fit results in an offset which is the thickness 7, and a
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prefactor including the Young’s modulus E. One can switch back to the distance-time
representation using Eq. (5.6), as:

D(t) =0(t) + (=Vt+b) (5.16a)
- gK(lE— 1/2) VR x [T o D(t)]3/2 + OHertz + (_Vt + b) ) (5'16b>

using Eq. (5.14). Equation (5.16) thus represents an equation on D, that is solved
numerically, for a range of time ¢ > tyerts-

5.2.1.4 Results

Physical parameters: In Fig. 5.7(b) is shown a fit with Hertz theory on typical
experimental approach data in SFA. The swollen thickness is estimated at 7 ~ 0.306 pm,
which is slightly greater than expected but still reasonable. We also obtain a time
tiertz = 21s and an offset in compression dpert; =~ 0.091 pum. Finally, assuming a spring
stiffness of K = 1000 N/m and taking for the sphere radius the value that was adjusted
when fitting the intensity profiles (see Sec. 5.1.3.3), R = 20.27 mm, we obtain a prefactor
giving a reduced Young’s modulus of E* ~ 267 £+ 23 MPa, which is characteristic for a
glassy polymer but surprising for a hydrated hydrogel. This somewhat surprising result
will be discussed further, in Sec. 5.3.4L

In Fig. 5.7(c) we show the same data, on the distance-time representation. The
theoretical curve corresponding to the Hertz model is computed numerically, solving
Eq. (5.16). A characteristic point Myet, is defined by its coordinates (tyertz; D (tHertz))-
This point is placed near the main inflection point of the experimental curve, and marks
where the Hertz theory starts to match the experimental data. Then, we observe that
both the intermediate and final regimes we identified in Sec. 5.1.4.1| correspond to the
contact regime. In the following, we will refer to early- and late-time regimes, using the
point Miiert, as the delimiter.

Late-time regime and finite-size effects: The present result shows that a sig-
nificant part of the late-time regime is well-described by the Hertz contact theory, even
while a deviation at final time is observed. Indeed, the spring compression as a func-
tion of the indentation, as represented in Fig. 5.7(b) grows in a power law with a 3/2
exponent, for indentations such that bj,q < 0.1 um, which corresponds to 20% of the
thickness 7 [268]. For deeper indentations, i.e. byq > 0.1 um , the spring compression
grows in a power law with a higher exponent (up to 3), until the motor is stopped. This
deviation from the Hertz theory attests of the finite-thickness aspect of the sample, and
results in an apparent strain-hardening behavior. As a short-term perspective, a contact
model taking into account the finite thickness of the sample could be developed, and
especially the scaling of the spring compression as a function of the indentation would
constitute the most relevant information.

Lubrication layer and estimation of the contact point: On the one hand, for
very small indentations by,q(t), as the gel is immersed in water, a lubrication layer can
still be present between the deformed surface of the gel and the spherical probe. Thus,
even for positive indentation values, the contact point would not be reached yet. The first
few data points on Fig. 5.7(b) represent this situation, where the Hertz scaling already
catches the data while there is still a thin lubrication layer. This window represents
the transition between the lubrication problem and the contact problem. In summary,
the contact may be realized later than tyet,, but the, Hertz theory already catches
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the data for a remaining, thin lubrication layer. On the other hand, the estimation
of the thickness relies on the fit with the Hertz model. To be precise, the offset in
distance D is interpreted as the swollen thickness. However, the latter statement might
be exaggerated: for sure the offset in distance D is the distance from which the Hertz
model catches the experimental data. The Hertz theory assumes that the probe and the
gel are in contact, yet the presence of the fluid, that forms a lubrication layer, differs the
moment where the contact is reached. The surface of the gel may be already strongly
deformed at the time tyert,. Thus, the thickness 7 would be underestimated.

In summary, the interpretation of the offset in distance D between the two glass
surfaces, which would be at first glance the thickness 7, is uncertain. This is due to
the transition between a lubrication problem and a contact problem. The validity of
Hertz model may be differed by the presence of the lubricated layer. In the following,
we investigate the early-time regime, in which a lubricated spherical probe approaches
a soft hydrogel.

5.2.2 Lubrication regime at small deformations
5.2.2.1 Time scales of poroelasticity

The hydrogel can be modeled as a poroelastic layer of thickness 7. As described in
Chapter 3, an important characteristics of poroelasticity is the time dependence. The
poroelastic response shows a continuous transition from a purely elastic and incompress-
ible behavior to a purely elastic and compressible one with time. The propensity of a
poroelastic material to exhibit a more-or-less (in)compressible response is determined
by the probed experimental time scale. For a hydrogel, of shear modulus G and perme-
ability k, immersed in a solvent of viscosity 7, we can first estimate the typical time the
solvent takes to diffuse across the layer, as:

72 1—-2v 7)7’2

teross.r = = )
TOT T Dpe  2(1—v) Gk

(5.17)

with Dy the effective diffusion coefficient as defined in Eq. (3.9) and v the effective
Poisson ratio of the hydrogel. For a PNIPAM hydrogel immersed in water, we use the
same physical parameters than in Sec. 4.2.4.4: the water viscosity n = 1073 Pa.s, the
shear modulus G = 5kPa, the effective permeability k& ~ lg based on the pore size
l, =~ 10nm, the Poisson ratio v = 0.2. The effective diffusion coefficient is computed,
as Dpe ~ 1300 um?/s, using Eq. (3.9). The thickness was estimated to be 7 ~ 306 nm
in the previous section (see 5.2.1). We thus calculate a diffusion time tcross- &~ 0.07 ms.
This characteristic time can be compared to the typical time scale imposed by the SFA
experiment. In the early-time, lubricated regime, the spherical probe is moving in the
liquid at a velocity V' = 20—60nm/s. Thus, to travel a distance of the same order as the
gel thickness, the probe takes a typical time tpohe,r = 5 — 15s. In the late-time regime,
where the lubrication condition becomes unsatisfied, the spherical probe is moving at a
velocity D ~ 1nm/s (see Appendix |A.7), thus imposing a time scale even longer. To
summarize, the intrinsic diffusive time scale of the hydrogel is smaller than the external
one imposed by the experiment, by several orders of magnitude: fcross,r < tprobe,r- Thus,
the solvent has time to diffuse across the thickness of the hydrogel. We then consider
the poroelastic response of the gel being in the late-time limit, which is equivalent to a
purely elastic and compressible behavior.

The same reasoning can be applied on radial length instead of vertical length, at the
limit of validity of the lubrication hypothesis, near the point Myert,. The typical time a
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molecule of solvent needs to travel a distance equal to the hydrodynamic radius can be

estimated as:
2Rh
tcross,\/2Rh = Dpe s (5.18)

with h the fluid-gap thickness. Near Mg t,, we can reasonably suppose the fluid thick-
ness to be less or on the order of A < 10nm. Thus, taking the upper bound, we compute
a time scale Leross ORE ~ 1.2s. This characteristic time can be compared to the typical
time scale imposed by the experiment, which close to Myet, reads:

V2Rh
tprobe,\/ﬁ — T (519)

The front velocity of the sphere is on the order of D =~ 1 nm/s. Thus, we compute a
time scale t |\ ory & 2.10%*s. In summary, again, the intrinsic diffusive time scale of
the hydrogel is smaller than the external one imposed by the experiment: ¢_  srp <
torobe IRE" We then treat the hydrogel as a purely elastic and compressible material.

5.2.2.2 Modelisation of the SFA experiment

A schematic of the situation is presented in Fig. 5.8 The system is axisymmetric and
a (r, z) frame is chosen. We consider that a hard sphere of radius R is held by a spring
of stiffness K. The back of the spring is driven downwards at a constant velocity V,
which generates a compression noted 4. Thus, the sphere is approached towards an
elastic layer of thickness 7, which is supported by a hard boundary. The shear modulus
and Poisson ratio of the elastic material are noted G and v, respectively. The whole
system is immersed in a viscous fluid of viscosity 1. The sphere motion generates a non-
homogeneous, time-dependent pressure field in the liquid, noted P(r,t). The pressure is
increased by confinement in the central region, which deforms the surface of the elastic
coating. We note w(r,t) the deformation profile of the elastic layer, and h(r,t) the fluid
height between the hard sphere and the deformed surface. Finally, we note D(t) the
distance between the hard wall and the center of the hard sphere, which corresponds to
the distance between the two glass surfaces measured in SFA experiments.

Full model: Similarly to the situation described in Chapter 4, we suppose that the
distance H between the sphere and the undeformed surface of the gel is small with respect
to the sphere radius R. Thus, we can again invoke the lubrication approximation [32].
We still suppose that the fluid-gap thickness H is small compared to the hydrodynamic
radius vV2RH. Thus, the sphere profile is approximated by a parabola in the lubricated
region, and the liquid-film thickness profile is given by:

r2

h(r,t) ~ H—Vt+w(r,t)+0(t) + BTTh (5.20)
The Reynolds number pHV/n is assumed to be small compared to unity, so that the
flow is laminar. Furthermore, we suppose that the typical viscous penetration depth is
large compared to the liquid-gap thickness: /n/(pw) > h. We assume no-slip boundary
conditions at both the sphere and gel surfaces. As detailed in Chapter |4, by invoking
flux conservation, the liquid-film thickness profile follows the axisymmetric thin-film

equation [64]:

oh 1 3{71]138]?}’

ot 12nr or or (5.21)
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FIG. 5.8. Modelisation of SFA in the lubrication regime. A hard sphere of radius
R is held by a spring, which is driven downwards by a command velocity V' applied at
its back. From a reference distance H, the sphere is brought close to a purely elastic and
compressible layer of thickness T, shear modulus G and Poisson ratio v. The system is
immersed in a fluid of viscosity n. The sphere motion generates a pressure field p(r,t)
in the fluid phase, which in turn generates a surface deformation of the elastic layer
w(r,t) and a compression of the spring 0(t). The resulting fluid gap is noted h(r,t).
The distance D(t) drawn in black indicates what experimental distance is measured in
practice.

where p is the excess pressure field in the liquid with respect to the atmospheric pressure.
The force exerted by the fluid on the sphere is obtained by integrating the pressure field
over the surface of the sphere, as:

Fo(t) = /OOO dr /027r dfrp(r,t) = 2m /OOO drrp(r,t). (5.22)

The pressure force F), is balanced by the elastic force exerted by the spring on the sphere,
which is given by Hooke’s law, as:

Fs = Ki(t), (5.23)

with ¢ being counted as positive in compression. Thus, the force balance of Eqs. (5.22)
and (5.23) leads to:

5(t) = 2% /0 “drrp(r, t). (5.24)

Similarly to the contactless rheology situation developed in Chapter 4, in the lubrication
approximation, the ratio between the shear stress and the normal stress o,,/0,, is of
order /H/2R, thus the viscous shear stresses are negligible compared to the pressure
in the fluid. Therefore, at the gel interface the force balance takes the same form as in
Chapter 3:

Osy = —D. (5.25)

The surface deformation profile can be computed in the general case, as:
wirt) = [ G (e~ v pla', ), (5.26)
R2
where GZ°™P is the Green’s function of the problem, which is the surface deformation

induced by a point force Fypd(r). Since the timescales imposed by the experiment are
large compared to the appropriate diffusion times, as noted in the previous section, we
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use the finite-thickness, purely elastic and compressible Green’s function, that is derived
in Appendix D.4 and in [212] in Hankel space. It is given by Eq. (D.48), as:

1-v 2¢ — (4v — 3) sinh(2()

G (s) = Gs 5+ 4v(2v —3) +2¢? — (4v — 3) cosh(2¢)’ (5:27)

where the auxiliary function ( is given by Eq. (3.33f), i.e.:
¢ =sT. (5.28)

The inverse transform is defined by Eq. (3.21), as:
GoMP (1) :/ ds GE™P (5)s.Jy(s7). (5.29)
0

Using the properties of the convolution product, the surface deformation profile can be
expressed in Hankel space, as:

w(s,t) = GOP(s)p(s, t) (5.30a)

_ As )1 —v) 2 — (4v — 3) sinh(2()
T Gs 5+ 4v(2v—3) 22— (4v - 3)cosh(2()’ (5.30b)

with the forward and backward Hankel transforms of the pressure field and deformation
profile, respectively defined as:

p(s,t) = /OOO drp(r,t)rdo(sr) and w(r,t) = /OOO dsw(s,t)sJy(sr). (5.31)

The four Egs. (5.20), (5.21), (5.24) and (5.30b), together with Eqgs. (5.28) and (5.31),
form a close system of coupled partial differential equations, with four unknowns being
the pressure field p, the fluid gap h, the deformation profile w and the spring compres-
sion 4.

Boundary conditions: The problem is axisymmetric, so that the gradients of the
different fields must vanish at the center:

gi(r =0,t) =0, (5.32a)
g];(r =0,t) =0, (5.32Db)
%ﬁ’(r =0,t) =0. (5.32¢)

In the r — oo limit, the pressure field reaches the atmospheric pressure value. Thus
the excess pressure p vanishes, and so does the deformation, 7.e.:

TlLrglop(r, t) =0, (5.33a)
Tli}rgow(r, t) =0. (5.33b)

Initial condition: Even if the problem is considered for positive times ¢ > 0, we
consider that the driving of the back of the spring at a velocity V has already started
at t = 0. Thus, the initial condition reads:

h(r,t =0) = H +w(r,0) + §(0) + r2. (5.34)

111



CHAPTER 5. MECHANICAL RESPONSE OF A HYDROGEL: FROM SMALL
DEFORMATIONS TO THE DEHYDRATION-INDUCED GLASS TRANSITION

Non-dimensionalization:  From Eq. (5.21), the hydrodynamic radius vV2RH sets
a typical horizontal length scale. Besides, H sets a typical vertical length scale. Ad-
ditionally, a typical time scale is defined by H/V. Thus, we introduce the following
dimensionless variables:

r - h < 0 w -tV
= h=—, 0=—=, Ww=— d t=—. .
T WoTTR "L 7 ©=g an 7 (5.35)
The geometrical Eq. (5.20) becomes:
h(7, 1) ~ 1 — &+ (7, ) + 0(F) + 7. (5.36)

Besides, injecting these new variables in the thin-film Eq. (5.21), we find a natural
pressure scale and define the dimensionless pressure, which reads:

H?p
p= ——— 5.37
D=5 Ry (5.37)
and the thin-film Eq. (5.21) becomes:
Oh 1 9 [_-50p
— = | =] .
of ~ 127 oF {T af] (5.38)
The force balance Eq. (5.24) is written under a dimensionless form, as:
o(t) = Ko / d7 #p(7, 7), (5.39)
0

with kg a dimensionless parameter that represents the ratio between viscous stresses and

spring elasticity, defined as:
nR*V
Finally, the Hankel transform defined in Eq. (5.31) imposes the following dimensionless

variables: (s) 5(s)H
~ X~ w(s X~ bs
§=sV2RH, w(38) = SRIZ’ p(s) = RV

From Eq. (5.30b), the dimensionless deformation profile in Hankel space is given by:

(5.41)

8 (5,01 —v) 2¢ — (4v — 3) sinh(2()

b(3,1) = 5.42
w(5t) = o 3 5+ 4v(2v — 3) + 2¢2 — (4 — 3) cosh(20) (542)

with the auxiliary function { expressed as:
(=sr=5—— (5.43)

= 3719.
Vera O °

The dimensionless parameters 7y and €y represent respectively the thickness normalized
by the hydrodynamic radius, and the ratio between viscous stresses and the gel elasticity,
defined as:

T
T0 = \/2}_{7[{, (5.44&)
V (2R\*?

The definition of the dimensionless parameter ¢y must be compared to the one of the
distance H. in Chapter 4, Eq. (4.19). Both parameters compare the viscous stresses to
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the gel elasticity, the link between both being made when taking the particular value
€0 = 1/4 and setting H = H,. In the present Chapter, the value of ¢y will be adjusted
when running numerical simulations.

In the following paragraphs, to lighten the notation, we omit the tilde symbol () on
dimensionless quantities. We first present a resolution of the problem in simpler cases,
before presenting the numerical results obtained by performing a numerical resolution
of the full model.

5.2.2.3 Theoretical resolution for simpler cases

“Rigid-rigid” case: A way to tackle the complex model explained in the previous
paragraph is to incorporate each element one by one in the considered problem. A
first, trivial case may be considered in the absence of any spring and substrate. Thus,
the problem reduces to a rigid sphere approaching a rigid wall, and only Egs. (5.36))
and (5.38)) are considered, as:

hrigia(r,t) =1 —t + 12, (5.452)
ahrigid 1 0 3 aprigid]

= — — |rh3.. . .45b

ot 12r Or [r rigid 5. (5.45b)

Combining the two equations, we get a unique equation over the dimensionless pressure

field p, which is:
1 0 2\3 ODrigid
—l=——1r(l1-t¢ 2. 5.46

127 Or [T( —i—r) or } ( )
The latter equation is solved by integrating a first time over the radial coordinate r
between 0 and r, then a second time over r between +o0o and r. The pressure field

reads:
3

T (5.47)

prigid(T7 t) =
The force resulting on the sphere is computed by integrating the pressure field over the

surface of the sphere, and reads:

3
21 —t)

Fiigia(t) = (5.48)
The theoretical force and pressure field in the rigid case are shown in Fig. |5.9. The force
shows a divergence for ¢t = 1, and the pressure field shows one for r = 0 and ¢t = 1. This
divergence is expected: in the rigid case, at t = 1, the lowest point of the sphere touches
the rigid wall, chasing all the lubrication fluid in between.

“Spring only” case: In the present paragraph, we still neglect the presence of the
substrate, but we consider the presence of the spring holding the rigid sphere. Thus, the
problem is modeled from Egs. (5.36), (5.38) and (5.39), as:

hspring(ra t) =1—-t+ 6(t) + T2, (5498,)
ahspring o 1 0 3 apspring

o 12or [T pring™ gy | (5.49b)

6(t) = ko /0 dr Pspring (7 t)- (5.49¢)

We note that the spring compression §(t) does not depend on the radial coordinate r.
Thus, from Egs. (5.49a) and (5.49b), the same calculation path as for the rigid-rigid case

113



CHAPTER 5. MECHANICAL RESPONSE OF A HYDROGEL: FROM SMALL
DEFORMATIONS TO THE DEHYDRATION-INDUCED GLASS TRANSITION

(a) 00 1 (b)
] 102
— S
= S
%’ >0r : E \’:3,, 100
“ RS
T 1 1
- - 1 [
Or_ 1 : : : 10—2 1 1 1 1
0.00 0.25 0.50 0.75 1.00 1072 1071 10° 101!
t r

FIG. 5.9. Theoretical force and pressure field in the rigid case.(a): Dimensionless
theoretical force Fiigia as a function of dimensionless time t, computed from Eq. (5.48).
The green dashed lines indicate the times t at which the pressure is plotted in (b). (b):
Dimensionless theoretical pressure field prigia(r,t), computed from Eq. (5.47), for different
dimensionless times t, signaled in (a) by green dashed lines.

is used to compute the pressure field, which reads:

3(1— )
2(1—t+12+0)%

Pspring (T, 1) = (5.50)

with ¢ being the time derivative of the spring compression d. By injecting the pressure
field into Eq. (5.49¢), we get the following non-linear differential equation over the spring
compression 9:

5(1—t+5):%<1—5). (5.51)

We note y the fluid height at the center, and yyjgiq the fluid height without spring
compression, as:

y=1—1t40 = hepring(r =0,t) and yrigq =1 —t. (5.52)

By considering y as a function of yigiq, denoting y/ its derivative with respect to yrigia,
we thus have y/ = —y, with y the derivative with respect to the time ¢t. Eq. (5.51)
becomes an equation over y(yigid), associated to the initial condition, as:

3:%0
Yy X [y - yrigid] = Ty/(yrigid)a (5533)

Y(Yrigia = 1) = 1 —6(0). (5.53b)
Using a formal calculation software, like Mathematica, an explicit solution is found and
reads:

2
2Yiigid

[1—8(0)] e o
e 70 + /2 [1 - §(0)] AErf(t)

. 2 2
with  AErf(yrigiq) = lErf (1 / 3%) — Erf (1 / ?)Hoyrigid>] , (5.54Db)

with Erf the Gauss error function. By performing the inverse change of variable, the
fluid gap Aspring as a function of time is derived. Then the spring compression §(t) reads:

(5.54a)
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Fspring(t)
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FIG. 5.10. Theoretical force when only a spring is considered.Dimensionless
theoretical force Fypring as a function of dimensionless time t, computed from Eq. (5.57),
for different values of the ratio between wviscous stresses and spring elasticity ko, a$
indicated in the legend, and for §(0) = 0.

§(t) = — — 1+t (5.55a)
e 30 + /4% [1 - 6(0)] AErf(t)
ith AFf(t) = |Brf [ (| —— | — Brf | (| ——(1 — 1) (5.55b)
1 T = T — — or —_— — .
b 3&0 3:‘4,0 ’
and the pressure pgpring using Eq. (5.50), is found to be:
2
411 —6(0)] e3xo0
pspring(ra t) = [ "<0(0 )]
(t2—2t) (t—1)?
(1) T 4 (1504 (t—1)[1—5(0)] ﬁeZ T (5.56)
X 2(t2—2t)

[1-5(0)]+r2¢  3%0 ’[1+ %[1—5(0)18ﬁAErf@)}

Finally, the force is computed as a function of time by integrating the pressure field
over the surface of the sphere, with Eq. (5.22). The calculation is performed with
Mathematica. Finally, the force reads:

2(2t—1t2) 2
ort—1+[1=08(0)]e 30 + /2T [1—5(0)]eo(t —1)AErf(t)
Fapring(t) = — o . (5.57)
ko 1+ 22 [1 - 6(0)] e AErf(t)

with the expression of AErf(t) being specified by Eq. (5.55b). The theoretical force
Fypring is shown in Fig. 5.10, for different values of the parameter xg. We observe that
the greater kg is (i.e. the softer the spring is), the longer the force takes to reach the
final, linear regime in time. This final regime corresponds to the case where the fluid gap
is thin, and fluid hardly flows in the confined region. Thus, the displacement imposed
at the back of the spring compresses the spring.

5.2.2.4 Numerical resolution of the full EHD model

In this section we consider the full model. To solve numerically the problem, a specific
half-implicit half-explicit numerical scheme based on an integration kernel was developed
in collaboration with Laurent Duchemin.
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FIG. 5.11. Convergence of the kernel integral in SFA simulations. Truncated in-
tegral Ic(r, 7", Smax) of the product sGEo™P Jo(sr)Jo(sr') as a function of Smax, as defined
in Eq. (5.60), for different r', forr =1, v = 0.2 and 79 = 1. For r = r', the integral
diverges following a logarithmic scaling.

Definition of the kernel: =~ We first define an integration kernel noted K, ,(r,7") to
express the deformation profile in a convenient way for numerics:

Koy (r,r') = /OOO dsds G&°™P(s)sJo(sr)Jo(sr") (5.58a)
> / (1 —v)[2¢ — (4v — 3) sinh(20)]
N /0 ds Jo(sr)Jo(sr )5 +4v(2v — 3) + 2¢? — (4v — 3) cosh(2¢) (5.58b)

The deformation profile is then computed from the pressure field, using the kernel
Krow(r,r'), as:

(ryt) = eo/ dr' r'p(r' ) Ky 1 (ry 7). (5.59)

The geometrical equation (5.36), the thin-film equation (5.38) and the force-balance
equation (5.39) are kept identical.

The convergence of the kernel integral defined in Eq. (5.58) may be questioned. We
first define the truncated integral, as:

Slnax
Iic(r, 7", Smax) = / dsds GEO™P(s)sJo(sr)Jo(sr"). (5.60)
0

The kernel K, ,,(r,7") is recovered by taking the limit Spyax — co. In Fig. 5.11 we show
the truncated integral Ixc(r, 7', Smax) defined in Eq. (5.60), as a function of Spax, for
different values of 7’ and a fixed r = 1, with ¥ = 0.2 and 790 = 1. We observe that the
integral converges for r # ', and does not converge for » = r/. As a consequence, the
kernel K, ,(r,7") given in Eq. (5.58) defines a distribution that exhibits a singularity
for r = 7/, and takes a finite (if not zero) value for r # r/. Similarly to a Dirac
distribution, the kernel distribution is finite almost everywhere. Thus, the product of
r'p(r', )y, (r,7") is integrable, and the deformation profile as written in Eq. (5.59) is
still properly defined. Yet, numerical difficulties are encountered, and some fine tuning of
various numerical parameters is necessary. In the following paragraphs, we first present
a numerical study of the kernel integral as defined in Eq. (5.58). Then we present the
full numerical scheme used to simulate a SFA approach.

Optimization of numerical parameters: The time axis ¢ is discretized linearly
on Ny points with a time step At. We denote the n-th point t" = nAt, and the upper
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boundary is given by Tiax = (V¢ — 1)At. The radial axis r is discretized linearly on
N, points with a space step Ar. We denote the i-th point by r; = iAr, and the upper
boundary is given by Rpax = (N, — 1)Ar. The Hankel axis s is discretized on Ny points
being the zeros of the Legendre polynomial of degree N, up to the upper boundary
noted Spax. For each couple (7, r}), the kernel K7, , (71, r;) is computed using the Gauss-
Legendre quadrature method (described in Appendix. C.2.2), and takes the form of a
square matrix of size IV, x N, that is denoted Kr, ,,;;. Equation (5.59) is discretized using
a Riemann summation to compute numerically the deformation profile. The pressure
field and the deformation profile, expressed at a radial point r; and a time point ¢" are

denoted respectively p;' and w}*. The discretized deformation profile is expressed as:

Np—1
’LU? = EoAT Z ij?ICTQ,V,ij' (5.61)
7=0

The method to optimize the problem is described as follows. We consider the set
of four numerical parameters Rinax, Ny, Smax, [Vs. We use the explicit form of the
pressure field in the rigid case given in Eq. (5.47) as a basis, to compute the deformation
profile that would be generated by this pressure field. The numerical calculation of the
deformation profile is performed on one side with Python (noted as wyy) using the set of
four numerical parameters, and on the other side with Mathematica (noted as wmatn),
which is believed to be more precise [269-271]. Results of both methods are compared
by computing a numerical error, defined as:

Err(t ) = ﬁ [wipy — wi,math} . (562)
r

7

Il
o

The choice of the four parameters Ryax, Ny, Smax, Vs then results from a trade-off
between guaranteeing a low numerical error and maintaining a reasonable computation
time. In Fig. 5.12(a), we show an example of the deformation profile calculated for a
given set of numerical parameters with Python and Mathematica. We observe agreement
between both, with the choice of parameters indicated on the figure. The associated
numerical error as defined by Eq. (5.62) is shown in Fig. 5.12(b), for different Spax, and
Ng = Shax. In this case, we find two minima, which define potentially interesting sets of
numerical parameters. The study was ran systematically, varying the four parameters
Ruax, Ny, Smax, Ns. Two sets were identified: Rpyax = 5, N, = 1000, Shax = 200,
Ng; = 100 and Rpax = 10, N, = 2000, Smax = 200, Ny = 200. The robustness of
calculation with these two choices was tested by changing also the time ¢. Indeed, as
time increases, the sphere gets closer to the rigid boundary and the resulting pressure
field gets closer to its divergence point. In Fig. 5.12(c-e), the deformation profile and
the associated error are shown for the two choices of numerical parameters, for three
different times ¢t. The error increases with the time ¢, but the calculation is robust as
the match between Mathematica and Python results stays excellent.

In the following, simulations were performed using: Rpax = 5, N = 1000, Spax =
200, Ns = 100, with a computation time of the kernel integral tcomp ~ 0.1s. The kernel
matrix K, , is computed once for all at the beginning of a set of simulations.

One must note the paradoxical aspect of computing a deformation profile from the
pressure field pigiq that is specific to a rigid sphere approaching a rigid wall, thus ne-
glecting the substrate deformation. Here, the pressure field p generated by a sphere
approached close to a soft coating, with a EHD coupling given by the spring holding the
sphere, is seen as a perturbation of the reference pressure field pigiq in the rigid case.
Thus, the scaling of the pressure field p, with an EHD coupling and a soft wall, with
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FIG. 5.12. Optimization of numerical parameters. (a): Dimensionless deforma-
tion profile generated by the dimensionless pressure field in the rigid case prigia from
Eq. (5.59), computed with Mathematica (blue) and Python (pink), for a time t = 0.7,
and using an example set of numerical parameters indicated on the legends, for a di-
mensionless thickness 7o = 0.005 and a Poisson ratio v = 0.25. (b): Numerical error
between Python and Mathematica results, as defined in Eq. (5.62), as a function of the
parameter Spyax, for the three other parameters Ny, Nyax and Ns indicated in (a). The
cross indicates the precise case of (a). (c) and (e): Dimensionless deformation profiles
computed with Mathematica (blue) and Python (pink), for three sets of numerical pa-
rameters indicated on the legends, a dimensionless thickness 19 = 0.005 and a Poisson
ratio v = 0.25, and three different dimensionless times t, computed with the two selected
sets of numerical parameters. (d) and (f): Numerical errors as defined in Eq. (5.62)),
as functions of dimensionless time t, for the parameters indicated in (c) and (e) respec-
tively.

the radial coordinate r, is similar to the one of the pressure field in the rigid case prigiq-
Additionally, the reference pressure field in the rigid case p;igiq diverges close to contact.
When adding the EHD coupling and the soft wall, the pressure is released compared to
the reference, rigid case. In summary, if the unrealistic deformation field generated by
the pressure field in the rigid case pyigiq is efficiently computed, then, the more realistic
deformation field generated by the pressure field p, with the EHD coupling and the soft
wall, can be computed too.
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Discretization scheme of the full model: The thin-film equation as written in
Eq. (5.38) is discretized with a half-implicit-half-explicit [272] scheme in time, and a
centered finite-difference scheme in space [77, [273]. We first define the flux term F(r),
as:

dp
=rh3 = .
F(r)y=r 5 (5.63)
such that the thin-film equation (5.38) is written as:
Oh 1 0F
—_— = 5.64
ot 12r Or (5:64)

The flux term F is discretized on a dual grid in r, which means in between two points
of the main grid. The non-linear terms are expressed at the current time step ¢" (half-
explicit scheme), while the linear ones are expressed at the next time step t"*! (half-
implicit scheme). The latter choice enables to write a linear equation on the pressure
field p"*t! at the next time step "1, using powers of the fluid gap h™ at the current
time step t" as known coeflicients. We denote .7-7:11/2 the flux term expressed at the dual
point 7;41/9 = (r; +7i1+1)/2, and at the time step t"*1 (based on the unknown pressure
at the next time step p"*!), which reads:

3 .. n+1 n+1
Piy1 — P

Ar

hi' .y + hi'
2

+1/2 T 2

(5.65)

The radial derivative of the flux term at point r;, and at time step t"*!, is defined using
a finite-difference scheme, as:

n+1 +1
Ry Fili)
i AT '

[af
or

(5.66)

Finally, we discretize the time derivative of the fluid gap h at point r; with a finite-
difference scheme, and we use the Euler method to integrate the thin-film equation in
time. The discretized thin-film equation reads:

+1 +1
ht —nr 1 F = D

At o 12r Ar (5.67)

Combining Egs. (5.65) and (5.67), we can write the pressure field and the fluid gap at
the next time step t"*!, as functions of the fluid gap at the current time step "
1 At 3
P 1927 Ar2 {(Ti +rig1) (i + B7)° P
1
—{(ri rign) By + )P + (s ricy) (B + R7)* ppptt (5:68)
+ (ri +rie1) (il + h?)gp?jll} = hi.

The geometrical equation, the force balance equation and the deformation profile, as
written respectively in Egs. (5.36), (5.39) and (5.59) are discretized and expressed at the

next time step "1, as:

h?‘Fl —1— t’fl"rl + T? + w?+1 + 6n+1’ (5693)

N,—1
n+1 __ yntl

1) = koAr Z riP; (569b)
=0
N,—1

with = e Ar Y rpi T Koy g (5.69¢)
=0
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Equations (5.68), (5.69b), (5.69¢) and (5.69a) form a coupled system of 3NV, + 1 linear
equations with 3N, + 1 unknowns, being h?“, p?“, wa and 6"*!. In the following

we describe the linear-algebra path that solves the system.

Boundary conditions: The boundary conditions in r = 0 are specified by Egs. (5.32),
which state that the gradients of all fields at the center should vanish, as a consequence
of axisymmetry. The discretized boundary conditions on the pressure field and the fluid
gap, at the current time step t", are expressed as:

h = hY, (5.70a)
po = DI (5.70b)

Similarly, the boundary condition at r — oo on the pressure field prescribes that the
extra pressure compared to the atmospheric pressure should vanish far from the center.
Thus, the discretized version of Eq. (5.33a) reads:

p?\frfl =0. (571)

Algebraic resolution: The three equations given in Egs. (5.69) are first combined
into a single one by injecting Eq. (5.69b) and Eq. (5.69c) in Eq. (5.69a). Writing on the
left side the unknown terms and on the right side the known ones, we get:

Ny.—1

h?+1 — Ar Z [HO(Sij + EOICTo,V,ij] ij;H_l =1- tn+1 + ri27 (572)
=0

n+1

with §;; the Kronecker symbol. We combine the components of the pressure field p;

and the fluid gap A at the next time #"*1 in the vector V"1 defined as:

prtl _ p:-”rl for i € [O; N, — 1],
K3

- { Rt for i € [Ny; 2N, —1]. (5.73)

Equations (5.68) and (5.72)) can then be written as a matrix equation, taking into account
the boundary conditions given in Egs. (5.70) and (5.71), as:

MY = RHS™, (5.74)

with V"*! the vector to solve for and M™ a matrix to invert. The upper half of the
matrix M" transcripts the discretized thin-film equation given in Eq. (5.68). Thus, for
i € [1; N, — 2], the matrix M"™ is defined as:

1 At

n 3
M = 1997 Ar? (ri +ric1) (hiq +h7)7,
n _ 1 lAt n n\3 n n\3
Mi,i - %Ait{(rz + Tz—i-l) (hi+1 + h,L ) + (7"1 + 7"1—1) (hi—l + hl ) } y (575)
n n n 3
M = 1921 A2 (ri +rip1) (hipg +R7)7,

The lower half transcripts the combined geometrical equation given in Eq. (5.72). Thus,
for i € [N;; 2N, — 1], the matrix M" is defined as:

Mii =1, (5.76a)
M ;= —Ar [Kodij + €0Kr 5] - (5.76b)
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At the edges in ¢ = 0 and i = N, — 1, the boundary conditions are:

Mao = ].,
8,1 =—1, (5.77)
MTJifr—l,Nr—l =1

The right-hand-side vector RHS" is known. It is computed from the pressure field and
the fluid gap expressed at time step ¢". The upper half transcripts the right-hand-side
of Eq. (5.68), thus for i € [1; N, — 2], RHS™ is expressed as:

RHS} = h. (5.78)
The lower half represents the right-hand-side of Eq. (5.72), thus for i € [N,; 2N, — 1]:
RHS? =1 —t" + 2. (5.79)
The boundary conditions are transcripted on the edges, for ¢ =0 and i = N, — 1, as:
RHSG = RHSN, 1 =0. (5.80)

The matrix M"™ can be inverted numerically. Thus, by solving Eq. (5.74), the pressure
field and the fluid gap are computed at the next time step t"*!, as:

Yyl — RHS™ - (M™) L (5.81)

Then, the deformation profile and the spring compression are computed using Egs. (5.69b)
and (5.69c). Finally, the force can be computed by integrating the pressure field over
the surface of the sphere. Using a Riemann summation, the discretized force at the next
time step t"*! is computed as:

Nr—1
Frt=omAr Y rpith (5.82)
=0

Initialization: = We consider that the simulation starts during the experimental, initial
linear regime, when the sphere is far from the elastic substrate. Thus, the EHD coupling
between the sphere and the substrate is weak, and the initial substrate deformation
w(r,t = 0) is small compared to the vertical length scale H. The sphere moves in the
fluid at a constant velocity equal to the command velocity imposed at the back of the
spring. The resulting force applied on the sphere is the Stokes drag, that generates
an initial compression of the spring §(0). The order of magnitude of this initial spring
compression is calculated in Sec. 5.1.4.1 ( §(0) ~ 1075 nm). As a result, the initial spring
compression is negligible compared to the initial fluid gap (h(0) ~ 1 ym)

With both the initial spring compression and substrate deformation being small,
the initial fluid gap h(r,t = 0) and pressure field p(r,t = 0) are approximated by the
ones computed in the rigid case, hrigia(r,t = 0) and prigia(r, t = 0), respectively, given is
Egs. (5.45a) and (5.47) respectively. The initial spring compression 6(¢t = 0), deformation
profile w(r,t = 0) and finally the force F'(¢ = 0) are then computed from the initial,
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rigid pressure field. In summary, for i € [0, N, — 1] a simulation is initialized as follow:

P} = Prigia(ri, t = 0), (5.83a)
h,? = hrigid(riy t= 0)7 (583b)
N,—1
6% = Ko Ar Z rjpg, (5.83¢)
=0
N,—1
wd = eoAr > 7K i (5.83d)
=0
N,—1
FO=27Ar Z rjpg-). (5.83¢)
j=0

Numerical simulation for SFA experiments: The numerical parameters ¢, kg,
79 and v are first calculated based on experimental characteristics. A choice has to be
made for the vertical distance scale H. The latter is directly related to the resolution of
the simulation, as both the time and the vertical length are scaled by H (see Eq. (5.35))).
Essentially, the H parameter acts as a zoom factor on a distance-time representation.
The matrix of the kernel K, is computed once for all at the beginning. Then, the
numerical resolution of the full model presented in this subsection consists of calculating
the initial pressure field p?, fluid gap h?, deformation profile w? , and spring compression
0% based on the initialization step described above. The initial force F© is computed
too. From quantities expressed at the initial time step t°, all fields and quantities at
the next time step ¢! are computed, following the algebraic resolution presented above.
The operation is repeated N; — 1 times by default. Eventually, the simulation is stopped
when showing unphysical results (e.g. a negative fluid gap at » = 0, a negative spring
compression or a fluid gap at r = 0 greater than its initial value...).

When performing SFA experiments, the measured quantity D(t) is the distance be-
tween the two glass surfaces, which means the distance from the bottom of the elastic
coating up to the surface of the sphere, at the center in r = 0. This distance includes the
layer of deformed gel and the fluid gap. Thus, to link the experimental quantity D(t) to
the theoretical ones (with dimensions), we write:

D(t)=71—w(r=0,t)+h(r=0,t). (5.84)

We introduce the dimensionless experimental distance D = D/H. In dimensionless
writing, the latter equation reads:

D(t) = TO\/E —w(0,%) + h(0,). (5.85)

Finally, as the output of the simulation, the distance D is discretized and numerically

computed as:
[2R

To be compared to experimental data with dimension, the dimensionless, numerical
distance D is finally multiplied by the distance H (defined in the simulation parameters).

122



5.2. THEORETICAL MODELING

% E e L + V=50.8 nm/s

3 302F7 R £ V=0
E‘ 1.0F = / + Stop motor
5 * 0.1F J/ - D=-Vt+b
= S S -~ Linear EHD
= 0.0k======"
3 0.5F = 10 20

. tls]
0 50 100 150 0.4 0.6 0.8
t[s] D(t) [um]

FIG. 5.13. Linear elastic model for a sphere approaching a gel with an EHD
coupling. (a): Distance between the two glass surfaces D as a function of time t, as
an example of SFA data explained by modeling the gel as a linear elastic solid. The
simulation is performed for a Young’s modulus of 5kPa and a Poisson ratio of v = 0.2.
The initial, linear regime is recalled to exhibit the deviation of the simulated curve from
a purely linear behavior in time. Inset: Deformation as a function of time, predicted by
the numerical simulation. (b): Spring compression computed from the data of (a), as a
function of the distance between the two glass surfaces D.

5.2.2.5 Results

In Fig.|5.13 is shown a numerical simulation of a SFA approach in lubrication conditions,
together with experimental data. The distance between the two glass surfaces D is
shown as a function of time in Fig 5.13(a). In Fig. 5.13(b), the spring compression § is
shown as a function of the distance D between the two glass surfaces. The simulation
presented here was performed for the following numerical parameters: H = 0.25 ym,
€0 = 6.51, kg = 8.64.1073, 79 = 1.97.1072 and a Poisson ratio of v = 0.2. These
numerical parameters were calculated from known and previously estimated physical
parameters, except the Young’s modulus that was adjusted at 5kPa. The numerical
curve was also adjusted to match the linear fit performed on the initial regime. An
adjustment was necessary, to catch the deviation from the linear regime. Thus only one
fitting parameter acting as an offset in time (and thus in distance D) was used.

First, we observe in both representations that the simulation exhibits a deviation from
the initial, linear regime, as a result of the vicinity of the soft substrate. This deviation
catches the experimental data better than the linear regime, on a small portion of the
curve, during the five seconds before the main inflection point. Thus, when an interaction
between the spherical probe and the hydrogel becomes measurable, the hydrogel can be
described as a purely elastic and compressible layer, for a few seconds. Yet, the model
does not predict the position of the inflection point at ¢ &~ 20s. The gel is modeled as
a compressible elastic solid, whose mechanical behavior is described by a linear stress-
strain relationship. Such an elasticity law supposes small deformations. As the sphere
approaches the soft hydrogel, one can expect the deformations of the gel to increase,
enough to break the hypothesis of small deformations. Indeed, as shown in the inset
of Fig. 5.13(a), the predicted deformation at the center increases with time, and the
hypothesis of small deformation is broken. In the following subsection, we propose an
ad-hoc non-linear elasticity law that takes into account the finite thickness of the gel.

5.2.3 Lubrication regime at large deformations

In this subsection, the SFA experiment is modeled as in the previous subsection and the
schematic of the experiment presented in Fig. 5.8 still holds. However, the hydrogel is
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FIG. 5.14. Non-linear elastic model for a largely deformed hydrogel. (a):
Schematic of the situation. The hydrogel is considered as an elastic layer of thickness
T and shear modulus G, which is modeled as a mattress of springs, characteristic of a
Winkler-like model. An external pressure field p(r,t) is applied and generates a defor-
mation profile w(r,t).(b): Ad-hoc elasticity law describing the mechanical response of
the hydrogel, computed with Eq. (5.87), for a gel of thickness 7 = 0.3 um and of shear
modulus G = 50 MPa.

modeled differently.

5.2.3.1 Non-linear elasticity

Model: Here we present a simple, ad-hoc elastic model used to describe the mechanical
behavior of the gel when larger deformations are encountered, taking into account its
finite thickness. Two main hypotheses are taken into account. (i) Similarly to the rigid
case, in which the pressure field diverges when the sphere touches the rigid boundary,
here we consider that the pressure field should diverge when the deformation amplitude
of the soft layer reaches its thickness, e.g. when the free surface of the gel touches
the rigid boundary underneath. (ii) Similarly to Winkler’s foundation model, the gel
is described by a mattress of independent springs, as illustrated by Fig. 5.14(a). Thus,
we neglect any contribution of the pressure field applied at a given position r to the
deformation profile at another position 7. As a consequence of (i) and (ii), we postulate
the following pressure-deformation relationship:

w(r, t)
T —w(rt)’

p(r,t) =G (5.87)
with G the shear modulus. The pressure as a function of the deformation is plotted
in Fig. 5.14(b), with Eq. (5.87), for a thickness of 7 = 0.3 um and a shear modulus
of G = 50 MPa. We recover the standard Winkler’s foundation model when writing a
Taylor development of the latter expression at order one in w/7:

p(r,t) ~ G% (1 + % + (Q:>2> : (5.88)

The geometrical equation (5.20)), the thin-film equation (5.21) and the force-balance
equation (5.24), introduced in the previous section [5.2.2.2, are conserved. However,
Eq. (5.30b) is replaced by:

p(r,t)
G+ p(r,t)’
which is obtained by isolating w(r,t) in Eq. (5.87). The boundary conditions are kept
identical.

(5.89)

w(r,t) =7
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Non-dimensionalization: Using the scalings introduced in the previous section, we
write Eq. (5.89) under a dimensionless form, as:

’(D(f, t~) — €070 ]5(7:7 t~) y (590)

1+ €0/ 2= (7, £)

with €y and 79 being defined in Eqs. (5.44b) and (5.44a)), respectively. We recall the
three other equations (5.36)), (5.38) and (5.39) written under a dimensionless form:

h(F, 1) ~ 1 — &4+ (7 1) + 6(F) + 72, (5.91a)
Oh _ 10 [ 130D
o 127 or [Th 877} ’ (5.91b)
5(t) = ko / dF 7p (7, T). (5.91c)
0

In the following paragraphs, to lighten the notation, we omit the tilde symbol () on
dimensionless quantities.

5.2.3.2 Numerical resolution

To solve numerically the model presented in this section, we use the iterative Newton-
Raphson method [273} 274], which is known to be adapted for highly non-linear problems.
Knowing the solution for the fields at the current time step t", the solution at the next
time step "t is computed by iteration.

Discretization scheme: The thin-film equation as written in Eq. (5.38) is dis-
cretized using an implicit scheme in time, and the same finite-difference scheme in space
as in the previous section. Every quantity is expressed at the next time step t"T!. The
flux term as defined in Eq. (5.63) is again discretized on the dual grid. We write the
flux at point r;;1/; and at the next time step "+l as:

i+1/2 = 9 5 Ar (5.92)

3
Fntl Ti +Tit1 [h?jll + h?“] pﬁll _ P?H
Following then the same path as in the previous section, the radial derivative of the flux
at the point r; is given by Eq. (5.66)), and the discretized thin-film equation is given by
Eq. (5.67). We finally derive an equation over the pressure field and the fluid gap at the
next time step "1, as a function of the fluid gap at the current time step, as:

Ar? 3
—192T¢T2h?+1 + (ri +7it1) (h?_:_ll + h?—’—l) p?_:_ll
3 3
= L) (W B o ) () (599)
3 Ar?
- (ri ria) (B AP) pil = —1927“1-Trth?.

The geometrical equation, the force-balance equation and the deformation profile, as
written respectively in Eqgs. (5.91a)), (5.91c) and (5.90) are discretized as Egs. (5.69),
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and thus read:

e R i S N R T o L (5.94a)
N,—1
6" = ko Ar Z rjp?H, (5.94b)
7=0
n1
witt = ey t (5.94c)

1+ ¢ %pf‘“ ‘

Equations (5.93), (5.94b), (5.94c) and (5.94a) form a coupled system of 3V, + 1 non-
linear equations with 3V, + 1 unknowns, namely h?“, p?“, wl”“ and 6”1, In the fol-
lowing we describe how these equations are linearized with the Newton-Raphson method.

Boundary conditions: The boundary conditions in » = 0 and r — oo on the
pressure field p and the fluid gap h are the same as in the previous sections, and given
by Egs. (5.70) and (5.71).

Non-linear operator of the Newton-Raphson method: The three equations
given in Egs. (5.94) are first combined into a single by injecting Eq. (5.94b)) and Eq. (5.94c)
in Eq. (5.94a). Writing on the left side the unknown terms and on the right side the
known ones, we get:

h?“ — KoAT Z rjpg”rl — €70 ‘ =1t 42 (5.95)

: H  n+1
J:(] ]. + €0 ﬁpz

As in the previous sections, we combine the components of the pressure field p?“ and
the fluid gap h?“ at the next time t"*! in the vector V"1 defined as:

n+1 .
nil ) D for i € [0; N, — 1],
Vit = { Rt for i € [N,; 2N, —1]. (5.96)

Equations (5.93) and (5.95) can then be written under the form of a non-linear operator,
applied on the vector V"t as:

OP (V1) = RUS™, (5.97)

with RHS™ the right-hand-side vector, being a known vector expressed with fields at
the current time step t". The upper half of the non-linear operator OP transcripts the
discretized thin-film equation given in Eq. (5.93). Thus, for ¢ € [1; N, — 2], the operator
OP(V™Hl) is expressed at a point 7; as:

Ar? 3
SR (ri i) (R R ]

(0P| = —192r
ntl | g1 ntl | pnt1)3 1 onel (5.08
3
(i i) (W RE) i

The lower half transcripts the combined geometrical equation given in Eq. (5.95). Thus,
for i € [N,;2N, — 1], the operator OP (V") is defined at point 7; as:

1 1 ]\/v'r*1 1 n+1

n+ — pntl ol i

[(’)P(V )L = h; Ko AT jz_% rip] €070 e ipnﬂ. (5.99)
= 2RPi
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At the edges in ¢ = 0 and i = N, — 1, the boundary conditions are:
oPYh| = p -t
(5.100)

oPO] =

The right-hand-side vector RHS™ is known. The latter is computed from the fluid gap

expressed at the current time step . The upper half transcripts the right-hand-side of
Eq. (5.93), thus for i € [1; N, — 2], RHS" is expressed as:

RHS;} = —192r,~AATt2h?. (5.101)
The lower half represents the right-hand-side of Eq. (5.95), thus for i € [N,; 2N, — 1]:
RHS? =1 —t" + 2. (5.102)
The boundary conditions are transcripted on the edges, for ¢ =0 and i = N, — 1, as:
RHSo =RHSN,—1 =0. (5.103)

Linearization and computation of an iteration: The principle of the Newton-
Raphson method is to converge towards the solution V"*! of the equation (5.97) by
iterations. We consider then the current approximation V of the solution at the current
iteration, and look for a better one, at the next iteration V", such that:

OP (V") ~ OP (V') = RHS". (5.104)

To solve the system of equations represented by Eq. (5.104), for the approximated vector
yrext - one must linearize the non-linear operator OP. Thus, we write a Taylor expansion
around the current approximation V at order one in V***' — ), which reads:

OP (V") % OP (V) + T - [V = V| ~ RHS™, (5.105)
with J the Jacobian matrix of the non-linear operator OP, defined as:
9[0P (V)]
(V) = i 1
Jij (V) v, (5.106)

Equation (5.105) is solved by isolating V"Xt
Vet x gL RIS — OP (V)] + V. (5.107)

The difference RHS™ — OP (f}) is called the residual. A condition to compute the next

approximation V"' is then that the Jacobian J can be inverted. The next iteration
is initialized by replacing V by V"***, and the same process is repeated. The difference
between two successive approximations V"** — ) should be asymptotically equal to
zero with the increasing number of iterations, to ensure the convergence of the method.
When the difference dV passes below a prescribed threshold (which is set at 107 for the
simulations presented here), or after a prescribed maximum number of iterations (which
is set at 10 for the simulations presented here) if the latter threshold is not reached,
the iterative process is stopped. The last approximation defines the solution at the next
time step V"1, The pressure field p"*! and the fluid gap h"! at the next time step
t"*1 are extracted from the vector V"1, Finally, the deformation profile w"*! and the
spring compression 6"t can be computed using Egs. (5.94c) and (5.94Db), and the force
is obtained by integrating the pressure field over the surface of the sphere, as:
Ny—1
Frb=onAr Y rpith (5.108)
i=0
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FIG. 5.15. Non-linear elastic model for a sphere approaching a gel with an
EHD coupling. (a): Distance between the two glass surfaces D as a function of time
t, as an example of SFA data explained by modeling the gel as a mattress of non-linear
springs. The simulation is performed for a Young’s modulus of 5 kPa and a Poisson ratio
of v =0.2. The initial, linear regime is recalled to exhibit the deviation of the simulated
curve from a purely linear behavior in time. (b): Spring compression computed from the
data of (a), as a function of the distance between the two glass surfaces D.

Initialization: Similarly to the previous section, the initialization of a given numerical
simulation is done on the rigid case. The different fields and quantities are computed
at time t using Eqs. (5.83), except the deformation profile that is computed using
Eq. (5.94c) expressed at time t°, as:

o
w) = egrg—— . (5.109)

L+ o/ gp!

The quantities are then computed at time step t! by iterations, as described in the
previous paragraph, then at time t2, etc. Finally, to compare the result of the numerical
simulation to experimental data, we link the measured distance D™ between the two
glass surfaces to the fluid gap A" at time step ¢", with Eq. (5.86).

5.2.3.3 Results

In Fig.|5.15 we show a numerical simulation of a SFA approach in lubrication conditions,
together with experimental data. As for the linear case, the distance between the two
glass surfaces D is shown as a function of time in Fig 5.15(a). In Fig. 5.15(b), the
spring compression ¢ is shown as a function of the distance D between the two glass
surfaces. The numerical parameters ¢y, kg, 7o and the Poisson ratio v are identical. The
adjustment of the numerical curve on the experimental data, is still performed using an
offset as a fitting parameter, and the latter is kept identical too.

As for the linear case, we observe in both representations that the numerical curve
exhibits a deviation from the initial, linear regime, as a result of the vicinity of the
substrate. This deviation catches the experimental data better than the linear regime,
on the small portion of the curve, during the five seconds before the main inflection
point of the experimental data. Furthermore, and in contrast to the linear model, the
non-linear model catches the main inflection point of the experimental data at about
t =~ 20s. Thus, the gel can be modeled as a mattress of springs around the inflection
point, whose mechanical behavior is described by a non-linear stress-strain relationship.
Such a type of elasticity laws are often used to describe polymeric materials exhibiting
a strain-hardening behavior, and experiencing large deformations [275-280].
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FIG. 5.16. SFA experimental data compared to a succession of different mod-
els.(a): Distance between the two glass surfaces D as a function of time t. The experi-
mental data is compared to different models, in the early-time, lubrication regime and in
the late-time, contact regime, detailed in the legend. (b): Spring compression computed
from the data of (a), as a function of the distance between the two glass surfaces D. The
theoretical curves are detailed in the legend of (a). The inset shows a zoom on the region
indicated by the gray rectangle, around the point My, and the transition between the
lubricated and contact regimes.

However, if the numerical computation of the SFA approaches exhibit a major in-
flection point using a strain-hardening type of elastic model, the calculation fails just
after, as observed in Fig. 5.15 at ¢t ~ 23s. The non-linear model presented in this section
is adapted to describe an elastic layer encountering large deformations, in lubrication
conditions. As the spherical probe approaches the sample, the deformation is larger and
the contact is still lubricated, until the sphere touches the sample. When the contact
is made, one can expect the model to break, as the lubrication layer thickness has van-
ished. To investigate why the numerical simulation breaks just after the inflection point,
in the following, we gather results from the modeling of the contact problem and the
lubrication problem.

5.3 Synthesis and discussion

5.3.1 Succession of different models

We gather the results of the modeling of the lubrication regime and the ones of the
contact regime. In Fig. 5.16, we show one experimental approach together with the
different models described in this Chapter. In the initial, linear regime in time (see
Fig. 5.16(a)), the resulting force applied on the spherical probe approaching the soft
substrate in water is the Stokes drag. The coupling between the probe and the gel is
weak, thus, the extra spring compression J is negligible (see Fig. 5.16(b)). Then, as the
sphere approaches, the EHD coupling with the soft substrate increases and we observe
a slight deviation from the linear regime, for t = 17 — 20s. This deviation is predicted
by the EHD model based on a linear elastic response of the gel, in lubrication condition.
Then, a major inflection point is observed in the experimental data, both on the distance-
time and the compression-distance representations. The inflection point is furthermore
predicted by the non-linear elasticity model, in lubrication conditions (see Fig. 5.16(b),
inset). Then, the experimental data shows a slow relaxation of the distance D as a
function of time ¢, and simultaneously the spring compression § strongly increases. This
regime is well-described by the Hertz theory, from only a few experimental points after
the main inflection point. Finally, the experimental data reaches a constant and final
value of distance D and the spring compression diverges. That last part is currently not
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FIG. 5.17. Summary of SFA experimental and modeling data.(a): Main panel:
distance between the two glass surfaces D as a function of time t, for four different
approach velocities V' specified in the legend, corresponding to the first data set. The
experimental data is compared to the different models described in this Chapter, for
each velocity. Inset: Spring compression § as a function of the distance D, from the
experimental and numerical data of the main panel. (b): Spring compression 6 as a
function of the indentation T — D. The experimental data are fitted with Hertz contact
theory. The legend indicates the different modeling elements represented in (a). (c): as
for (a), for the second data set. (d): as for (b), for the second data set.

described by a theory, but, an interesting perspective would be to build a contact model
taking into account a non-linear elasticity of the substrate, in the large-deformation
regime.

5.3.2 Comparison in velocities and reproducibility of the data

The modeling work presented in this Chapter exploits one single approach curve of
a given SFA data set made on a given sample. SFA experiments are known to be
difficult and delicate. Moreover, the synthesis of nanometric and ultra-clean hydrogel
films is also a challenge. Yet, after numerous (about twenty) repetitions of the entire
experimental process, two data sets were judged as valuable, composed of a total of ten
approach curves. Therefore, the modeling work was repeated on these approach curves.
In Fig. 5.17, we show a synthesis SFA experimental result, together with modelisation
results. In Figs. 5.17(a) and (b), we show the results from the first data set, constituted of
four approach curves, obtained by performing experiments on a sample of dry thickness
Tary = 66nm. In Figs. 5.17(c) and (d), we show the results from the second data
set, composed of six approach curves, obtained by performing experiments on a similar
sample of dry thickness 74, = 65nm. In Figs. 5.17(a) and (c), we show on the main
panel the distance between the two glass surfaces D as a function of time ¢, for the
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FIG. 5.18. Comparison of numerical simulations with two different Young’s
Moduli to experimental data.Distance between the two glass surfaces D as a function
of time t. The experimental data is compared to numerical simulations based on the
non-linear EHD model, for two different values of the Young’s modulus indicated in the
legend.

different approach velocities. The inset shows the spring compression ¢ as a function of
the distance D. The initial, linear regime provides a measurement of the velocities. The
numerical simulations based on the linear and non-linear EHD models are represented.
Simulations were ran for a Young’s modulus F = 5kPa, for both sets. Figures 5.17(b)
and (d) show the late-time regime, fitted with the Hertz contact model. The points
Miiert, defined in Sec 5.2.1) are reported on panels (a) and (c) respectively, as well as
the numerical computation of the distance as a function of time, based on the fitting
parameters. We observe that these ten experimental approaches are well-described by
the successive models. Thus the modeling work presented in the Chapter appears as
robust to the variation of the velocity.

5.3.3 Estimation of the Young’s modulus in lubricated regime

The numerical simulation performed based on both the linear and non-linear EHD mod-
els provide an estimate of the Young’s modulus of the swollen PNIPAM gel. The com-
putation time for a single curve, with a good resolution, is about 20 hours (on a pow-
erful, experiment-dedicated computer, RAM 64 Go and processor AMD Ryzen 3900X
12 cores). Additionally, a numerical simulation enables to appreciate the relevance of a
choice of Young’s modulus, but does not provide the best value as a fit would do. The
numerical simulations presented in this Chapter were performed for a Young’s modulus
FE = 5kPa, the value for which the accordance between the numerical and experimental
data is overall the best, among the tested values. For a matter of comparison, in Fig.|5.18,
we show an experimental approach curve, together with two numerical curves, obtained
by performing simulations based on the non-linear EHD model with two different values
of Young’s modulus: £ = 1kPa and F = 5kPa. The difference is particularly visible
around the inflection point. In the following, we establish a systematic comparison.

Before the inflection point: A few seconds before the inflection point, the exper-
imental data deviates from the initial, linear regime. In this portion of the data, the
numerical simulation performed with a larger Young’s modulus exhibit a larger deviation
from the linear regime. In this part, the experimental data shown on Fig. 5.18 appears in
between the two numerical curves, maybe closer to the one performed with £ = 1kPa.
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Inflection point: The numerical simulation performed with a smaller Young’s mod-
ulus exhibits a sharper inflection point. Here, the inflection point shown by the exper-
imental data is more spread out. Thus the simulation performed with E = 5kPa may
match better this experimental curve in particular.

After the inflection point: The numerical simulation performed with a smaller
Young’s modulus saturates faster, and results in a larger distance D. On that portion of
the curve, the experimental data shown in Fig. 5.18 appears in between the two numerical
curves, but does not saturates as fast as the simulation performed with £ = 1kPa. The
one performed with F = 5kPa may match better the experimental data.

Estimation of £ : In summary, the precise approach curve represented in Fig. |5.18
appears in between the two numerical curves, performed with £ = 1kPa and E = 5kPa.
Extra numerical simulations could be ran to refine the estimation of the Young’s modulus
(taking E € [1;5] kPa), for all the sets of curves, and would catch even better the
experimental data.

5.3.4 Contact point and crossover between lubrication and contact
regimes

The fitting of experimental data with the Hertz contact model enables to estimate the
contact point. The point Myeri, that was defined in Sec. [5.2.1 represents the moment
from which Hertz model catches the data, and may be interpreted as the contact point.
Figure 5.19 focuses on the point My, for a given approach curve. On Fig. 5.19(a) we
show the distance D as a function of time, for reference. On Fig. 5.19(b) we show a zoom
in the region around the point Mpyert,. We observe that precisely at the point Miyrerts,
the non-linear elasticity model in lubrication condition describes still the experimental
data for a few more experimental points. Additionally the Hertz model describes the
experimental data from Mpyert,. Thus, when the lubrication-based model reaches its
limit of validity, the contact-based one takes over. In this example, we observe then a
crossover between the lubrication and the contact regimes, on a duration of about 7s.
In the following, we will refer to this window of ~ 5 — 10s as the crossover region. For
comparisons, zoomed figures on the region of Mg, are represented for each curve of
Fig.5.17 in Appendix B|.

In the crossover region, the thickness of the fluid lubrication layer is decreasing,
until reaching zero, which means the sphere enters in contact with the gel and no more
solvent is present in the confined region in between. Thus the crossover region refers to
a complex physical situation, and is of particular interest. To investigate in more detail
this physical situation, and to refine the interpretation of My, as a contact point,
we focus on the thickness of the lubrication layer. The numerical simulation based on
the non-linear EHD model computes first the pressure field p and the fluid gap h, as
explained in Sec. [5.2.3. Then, the deformation profile w as well as other quantities are
computed from the pressure field and the fluid gap. The distance D corresponding to the
experimentally measured distance is deduced afterwards. Thus, we extract the fluid gap
h, computed by the numerical simulation used to catch the experimental data presented
on Figs. 5.19(a) and (b). From the results of the numerical simulation based on the non-
linear model, the deformation profile w is also extracted, and used to draw illustrations
of the situation. Thus, in Figs. 5.19(c) and (d) we show illustrations of the situation, at
scale, at two precise instants, respectively indicated as 1 and 2 on Fig 5.19(a). In the
following, we describe these two instants.
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FIG. 5.19. Crossover between lubrication and contact regimes.(a): Distance
between the two glass surfaces D as a function of time, for a given approach velocity V.
The different models described in the present Chapter are represented and indicated in the
legend. (b): Zoom from panel (a), around the the point Myew,, where the Hertz contact
model takes over on the non-linear EHD-based model. (c) and (d): At-scale schematic
of the situation at two precise instants t1 and ta, indicated in panel (a), obtained from
the numerical simulation performed with the non-linear EHD model, and used in panels

(a) and (b).

Instant 1: The instant 1 is defined as the instant when the surface of the sphere at
the center r = 0 reaches the height of the undeformed surface of the substrate. For
the experimental curve used in Fig. 5.19, this situation happens at t; = 40.5s. The
numerical simulation based on the non-linear EHD model predicts a fluid gap at the
center of h(0,t;) = 42nm. As the sphere has reached the height of the undeformed
surface, in this particular case the deformation is equal to the fluid gap at the cen-
ter: w(0,t1) = h(0,t1). First, the lubrication hypothesis still holds. Then, with the
illustration presented in Fig. 5.19(c), we observe that the maximum deformation of the
gel surface reaches approximately 15% of the thickness. At this point, the gel is still
in a small-deformation regime. The linear model still holds, and indeed catches the
experimental data (see Fig. 5.19(a)).

Instant 2: The instant 2 is defined by the point Myertz, as to = tHertz. For the
experimental curve used in Fig. 5.19) this situation happens at ¢; = 50.8 s. The numer-
ical simulation based on the non-linear EHD model predicts a fluid gap at the center
of h(0,t1) = 4.6nm, and a deformation of about 65% of the thickness. First, with a
nanometric layer of fluid, the lubrication hypothesis becomes questionable for the fol-
lowing reasons. Lubrication theory relies on a continuum-mechanics-based description
of matter. For A < 1nm, the continuum limit is crossed, thus the fluid phase can no
longer be described as a continuous medium. Moreover, when the fluid gap is small
compared to the deformation, the pressure field in the fluid converges towards the Hertz
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pressure [217]. This picture defines the Hertz-like limit of soft-lubrication regimes, in
which the fluid layer is completely squeezed between the sphere and the gel, forming
thus an effective contact region [215, [281]. The force response of the material exhibits a
continuous transition towards the Hertz response, as the fluid gap decreases [189, [213].
Additionally, a nanometric fluid gap means that the mechanical contact between the
sphere and the surface of the gel is nearly reached. The latter statement may explain
why the numerical simulation based on the non-linear EHD model fails a few seconds
after the point Mypert,: if the fluid gap is asymptotically zero, the pressure diverges. In
summary, the schematic of the situation presented in Fig. 5.19(d) supports the fact that
the Hertz contact model holds from Myerty-

Another information brought by the numerical simulation based on the non-linear
EHD model, is the maximal gel deformation, which is about 65% of the gel thickness,
as shown by the schematic presented in Fig. 5.19(d). Such an imposed strain expels the
solvent present in the hydrogel matrix, and thus creates a partially dehydrated region.
However, PNIPAM hydrogels become glassy upon drying, as discussed in Chapter 2. At
25°C, below a critical humidity rate of 30% (mpNipAM/Mwater), (de)hydrated PNIPAM
gels exhibit a dehydration-induced glass transition [107]. Using ppnipam = 1.1g/cm?
as the mass density of PNIPAM [282], the latter critical humidity rate corresponds to
a solvent volume fraction of @y = 0.25 (Viyater/Viotal) at 25°C. The glass transition is
characterized by a jump in Young’s modulus, from a few tens of kPa to a few hundreds
of MPa [243]. The local solvent volume fraction ®, and the maximal deformation w can
be linked, as a function of time, as:

‘I)W(t) _ Vwater __ Tswollen — w((),t) — Tdry (5110)

‘/tot Tswollen — w(07 t) ’

with Tswollen — w(0,¢) giving the thickness of the deformed gel at a time ¢ and at the
center r = 0, and considering an uniaxial deformation. We consider a swelling ratio of
Tswollen/ Tdry = 4. Thus, we finally estimate that the critical deformation corresponding
to the critical solvent fraction ® . at which the gel becomes glassy is 0.67Tswollen. T0
conclude, the deformation amplitude of &~ 0.657gwollen that is predicted by the numeri-
cal simulation based on the non-linear EHD model at the point My, approximately
corresponds to the critial one, at the onset of the glass transition.

In summary, a finer interpretation of the point My, would be that it marks the
onset of the dehydration-induced glass transition of the PNIPAM hydrogel. Then, from
the point Myert,, the value of the thin-film Young’s modulus changes, and we should
consider a typical value for glassy polymer films. Furthermore, Hertz fits provide an
estimate of the reduced Young’s modulus of the gel, which is E* = 266 MPa for the
approach presented in Fig. 5.19, perfectly consistent with the latter statement. In the
next subsection, we will focus on the measurements of the Young’s modulus in the glassy
state.

5.3.5 Dependency of the Young’s modulus on the approach velocity in
the contact regime

The late-time, contact regime is fitted with the Hertz contact theory (see Sec. 5.2.1) and
provides a measurement of the reduced Young’s modulus of the glassy PNIPAM thin film.
The fit is performed using the least-square method, which provides an estimate of the
error on the reduced Young’s modulus. In this subsection, we explore the consistency of
that measurement among the different approach curves presented in the present Chapter.
The reduced Young’s modulus extracted from Hertz fits is referred to as apparent, for
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FIG. 5.20. Dependency of the apparent Young’s modulus of glassy PNIPAM
on the approach velocity.(a): Apparent reduced Young’s modulus Epp as a function
of the approach velocity V, for two data sets. The apparent reduced Young’s modulus
is defined as Ey,, = E/(1 - Vgpp) with vapp the apparent Poisson ratio. The apparent
reduced Young’s modulus is computed from Hertz fits, based on Eq. (5.14). The squares
represent the first data set and the diamonds the second one. The linear fit represented
by the green dashed line is computed over 8 out of 10 points. (b): Apparent Poisson
ratio Vapp as a function of the approach velocity V', for the two data sets. The apparent
Poisson ratio is computed with Eq. (5.111), taking as a reference Eyof = 200 MPa and
E.es = 225 MPa for the first and the second data sets, respectively. The orange dashed

line indicates the incompressible limit.

reasons explained in the following. We note the apparent reduced Young’s modulus as:

:pp = Eref/(1

with v,pp the apparent Poisson ratio, E.ef the “true” Young’s modulus that should be
independent on the velocity in a typical elasticity theory, and V' the approach velocity. In
Fig.|5.20(a) we show the apparent reduced Young’s modulus for the two data sets. First,
we observe that the apparent reduced Young’s modulus slightly depends on the approach
velocity. Such a dependency is the signature of dissipative effects in the gel. Indeed, a few
molecules of solvent may be still present in the glassy gel, as the critical solvent volume
fraction below which PNIPAM turns glassy is not zero, but ® . = 0.25. Furthermore,
we observe that the apparent Young’s modulus increases with the velocity. Thus, at
slow imposed indentation, the gel appears softer, and at fast imposed indentation, the
gel appears stiffer.

The latter feature is reminiscent of the time-dependent poroelastic response that we
highlighted in Chapter 3. Indeed, in the short-time limit, a poroelastic material behaves
as an incompressible, purely elastic solid, whereas in the long-time limit, it behaves
as a compressible, purely elastic solid. For any time, a porelastic material shows a
mechanical response which features are in between these two asymptotic regimes. In the
present case, when the velocity of approach V is smaller, the external time scale that
is imposed to the system is longer. Thus, the solvent has more time to flow inside the
porous matrix. The exhibited response is then closer to the one of a purely elastic and
compressible material, and the measured reduced Young’s modulus appears as lower.
On the contrary, when the approach velocity V is larger, the external time scale that
is imposed to the system is smaller. Thus, the solvent has less time to flow inside the
porous matrix. The exhibited response is then closer to the one of a purely elastic and
incompressible material, and the measured reduced Young’s modulus appears as larger.

From Eq. (5.111), we can try to extract an apparent Poisson ratio v,pp,, by estimating
the value of the true Young’s modulus noted as E..f, that should be independent on
the velocity of approach (but can be sample-dependent). In Fig. 5.20(b) we show the

— Vi) (5.111)
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apparent Poisson ratio v,p, as a function of the approach velocity V' for the two data
sets, taking Fie = 200 MPa and E,.. = 225MPa as references for the first and the
second data sets, respectively. The incompressible limit v,y is recalled, and the values
of E,et are chosen such that the apparent Poisson ratio v,p, does not exceed 0.5 at high
velocities. We observe that the apparent Poisson ratio increases with the velocity, which
constitutes a signature of poroelasticity, ranging from v,pp & 0.1 to vapp = 0.5. However,
the known Poisson ratio of swollen PNIPAM hydrogels is about 0.2 — 0.25 [239, 240].
Thus, the two experimental points at the lowest velocities exhibit a too low value of
Poisson ratio. Except these, the estimated values of the apparent Poisson ratio are in
a physically possible range, and show a part of the transition from a purely elastic and
compressible response to an incompressible one, with increasing velocities.

In summary, in the late-time, contact regime, the thin hydrogel film is dehydrated
enough to be glassy, but still exhibits a velocity-dependent mechanical response. A
quick qualitative analysis shows that the low, but non-zero, volume fraction of solvent
in the gel generates a response that is typical of poroelastic matter. However, this quick
analysis is based on values of the Young’s modulus extracted using the Hertz contact
model, which holds for purely elastic matter. Thus, an interesting perspective would be
to develop a Hertz model for a poroelastic material, and compare it quantitatively to
experimental data in the late-time regime.

5.4 Conclusion

In this Chapter, we presented SFA experiments in sphere-plane geometry, performed on a
PNIPAM hydrogel thin film, in approach mode. The experiment enables to probe various
regimes with increasing indentation, from no resolvable interaction between the probe
and the gel, to the complete compression with expulsion of the solvent, passing mainly
by a first lubricated regime, and a second, contact regime. We presented different models
describing different parts of the data, showing that a succession of different descriptions
enables to understand an experimental curve almost all along. The lubrication-based
models were complemented with numerical simulations, whereas numerical fittings were
performed based on the Hertz contact model. We showed that modeling efforts enable
to estimate the Young’s modulus of the swollen PNIPAM film, both in the lubricated
regime (E ~ 5kPa) and in the contact regime (E~ 200kPa). We thus showed that the
imposed indentation of the probe expels enough solvent from the polymeric matrix to
provoke a dehydration-induced glass transition, and we resolved the point at which the
transition happens. Finally, we explored the dynamical response of the gel in the glassy
state, and interpreted the velocity-dependency of the apparent Young’s modulus as a
signature of poroelasticity.

Perspectives could be proposed for several aspects of this work. First, the estima-
tion of the Young’s modulus in the lubricated regime results from a guessed value used
as a parameter of numerical simulations. With time, tables of ready-to-use numeri-
cal approaches could be created, in order to estimate faster, with a better precision,
the Young’s modulus. Second, the contact regime is modeled using Hertz theory for
elastic and compressible materials. Using the poroelastic response theory developed in
Chapter [3, we could build a Hertz-like theory for poroelastic materials, and compare
it to experimental data. Furthermore, within this framework, the discussion about the
velocity-dependent Young’s modulus as a signature of poroelasticity would be quantita-
tively founded. Finally, the last, almost constant part (in distance-time representation)
of the experimental data is not caught by Hertz theory. Indeed, as the indentation

136



5.4. CONCLUSION

increases, the finite-size aspect of the thin film becomes more important. Some theoret-
ical works were already developed taking into account corrections to the original Hertz
model, to include finite-size effects [268| 283]. However, such a model assumes condi-
tions on the length ratio between the sphere radius and the indentation, or on the ratio
between the indentation and the thickness. These conditions were not matching our ex-
perimental situation, therefore the model would not be used. Thus a perspective would
be to develop a model that takes into account finite-size effects, with non-linear elas-
ticity as the deformation gets close to the thickness, like we did in the lubrication regime.

Complementary experiments based on other techniques could be used to confirm
the observations and results described in the present Chapter. For instance, a simple
measurement of the Young’s modulus by AFM, in a closed chamber with a controlled
humidity rate, could confirm that the results of Ref. [107] on the onset of the glass
transition at room temperature apply to our samples. Additionally, AFM-based inden-
tation experiments would be of great interest as a matter of comparison. Indeed, the
experiment principle is similar, except that the sphere radius changes (R ~ 10 pm in
colloidal-probe AFM). Thus, the hydrodynamic radius changes, and the resulting force
changes. By choosing carefully the cantilever stiffness, we could again tune an AFM-
based experiment that probes all the different regimes described in this Chapter, from
zero sphere-gel interaction to the dehydration-induced glass transition of the polymeric
gel. Finally, as a “negative control”, the same SFA experiments could be tested on hy-
drogel thin films made from a rubber-like polymer. For instance, Polyacrylamide (PAA)
hydrogels should not exhibit a dehydration-induced glass transition. Thus, the Hertz
contact modeling should provide a much softer Young’s modulus. Such an experiment
could support our interpretation and conclusion on PNIPAM hydrogels.

A longer-term project could consist in adapting the work presented in Chapter 3
on the poroelastic response to the approach case in lubrication conditions, after it has
been done for the harmonic case in Chapter |4. Such a powerful tool would surely be a
key to investigate soft hydrogels in SFA, as well as in AFM. Here we could model the
gel as a purely elastic and compressible system (with no memory, thus simpler than a
poroelastic system) in the lubricated regime, because the experimental conditions were
such that only the late-time limit was explored. Yet, when changing material (e.g. using
Polyacrylamide) or setup (e.g. using AFM), this may not be true any longer. Thus, the
theoretical framework of a poroelastic and finite-size layer approached by a sphere would
constitute the general tool, robust to time considerations, useful to describe approach
and indentation experiments on soft and porous matter.

137



Conclusion






In this thesis, we have studied the mechanical response of PNIPAM hydrogel films
from several aspects. Here, we gather the main conclusions, and we deepen the perspec-
tives of this work.

In Chapter |2 we have shown swelling-induced surface instabilities on grafted PNI-
PAM films, resulting from swelling and drying processes. Different morphologies have
been investigated by AFM. In the swollen state, a creased pattern has been observed,
while in the dried state, two types of morphologies have been reported depending on
the swollen thickness of the film. In particular, we have exhibited a new pattern shape,
compared to patterns already reported in literature. The wvolcano pattern is observed
at the surface of dried and thick PNIPAM films, characterized by a sinusoidal surface
shape with small creases present on upper regions. Then, quantitative features such as
the wavelength and the amplitude have been studied as functions of the thickness of
the films. Comparisons of such characteristics between the swollen and the dried states
have led to the proposition of a mechanism to explain the observation of the volcano
pattern. We have suggested that drying makes a stiff, skin layer appearing at the sur-
face of the already-creased surface of a polymer hydrogel. The latter skin layer applies
a sufficient compressive stress to trigger a wrinkling instability [125| |151, 163], which
results in the formation of the volcano pattern. To pursue this work and validate the
latter hypothesis, an estimation of the skin layer thickness is required. Finally, such
an unexplored morphology may present considerable advantages in the context of the
fabrication of pattern-designed materials, for various application such as cellular culture
or optically-switchable devices.

Chapter 3| has established the theoretical framework of the mechanical response of a
permeable and poroelastic substrate, to an external axisymmetric pressure field. Based
on linear poroelasticity, the point-force response in terms of deformation has been de-
rived first, both in the infinitely-thick case and taking into account finite-size effects.
Then, the latter solution has been generalized to any external pressure field exhibiting
the same symmetry properties. We have shown that the poroelastic response is charac-
terized by a transition from the limit of a purely elastic and incompressible response to
the one of a purely elastic and compressible response. The propensity of the poroelastic
response to be more similar to one limit or the other is determined by comparing the in-
trinsic response time scale of the material to the one imposed by the external excitation.
This theoretical work can be applied to any situation involving a poroelastic material
with an axial symmetry, as demonstrated in the two following Chapters. An experimen-
tal validation of the presented modeling work could be provided by any experimental
technique able to track the deformed surface of a soft and porous material immersed in
a solvent. Additionally, a similar theoretical framework could be used to compute the
mechanical response of a poroelastic and permeable material to a point-force pressure
field, in the case of a planar symmetry. By applying the same generalization principle,
a direct perspective would be to theoretically address the poroelastic lift force in lubri-
cation condition [188, 198, 211].

In Chapter. 4, the framework established in Chapter 3| has been directly applied to
the case of a vertically-oscillating sphere, close to a poroelastic medium in lubrication
conditions. In the first part of this Chapter, we have derived theoretically the loss and
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storage components of the resulting force on the sphere, with complementing numerical
simulations. In the second part of this Chapter, we have presented colloidal-probe AFM-
based experiments on a swollen PNIPAM hydrogel thick film, and compared the results
to the theory established in the first part. In summary, contactless, colloidal-probe tech-
niques appear as good candidates to investigate soft and fragile materials without risks
of damaging. However, the porosity appears as a minor feature of the response, which
expands on a narrow range, from the limit of a purely elastic and incompressible behav-
ior, to the one of a purely elastic and compressible behavior. Essentially, the porosity
results in an effective compressibility. A natural perspective would be to compare the
obtained experimental data with classical rheology data, or to go to non-linear modelling
and large indentations. To conclude, we have demonstrated the efficiency of contactless
colloidal-probe methods to investigate soft and fragile samples. Such a type of experi-
mental techniques could be applied to any similar materials such as living systems, or
multilayered viscous liquids.

In the last Chapter. |5, we have presented SFA experimental results in sphere-on-
flat mode, performed on thin PNIPAM hydrogel films in lubrication conditions. The
situation is similar to the one explored in Chapter. 4. However, the ratio between the
probe radius and the sample thickness is completely different, and the experiment has
been realized in approach mode until contact. Several different regimes of mechanical re-
sponses of the sample are highlighted, from small deformations in lubrication conditions
to the dehydration-induced glass transition. Finally, describing the glassy, dehydrated
PNIPAM film as a purely elastic material, we have measured an elastic modulus that
depends of the driving approach velocity. We have rationalized the latter observation
by the presence of solvent traces still flowing inside the polymeric network. Thus, an
interesting perspective would be to model the glassy film as a poroelastic material, since
a purely elastic description highlights dynamics. Furthermore, a last regime where the
glassy film is physically in contact with the probe that imposes large deformations is
still to describe. Finally, complementary experiments could be performed to validate
our observation of a dehydration-induced glass transition, such as a study of the elastic
properties as a function of the humidity rate, in AFM. Additionally, similar approach
experiments could be tried in colloidal-probe AFM, which would change the length scales
compared to SFA. Finally, the theoretical framework developed in Chapter. 3 could be
adapted to describe approach experiments on poroelastic materials.
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Chapter 6

Résumé substantiel en francais

Dans cette partie en francais, I'introduction et la conclusion de la these sont traduites.
Ainsi le contexte général des recherches est présenté dans 'introduction, et les principaux
résultats obtenus sont résumés chapitre par chapitre dans la conclusion. La figure |3.10
présente dans la conclusion du chapitre 3| est également ajoutée. Le contenu du chapitre
préliminaire |1/ n’est pas retranscrit, puisqu’il ne traite pas de résultats obtenus dans
le cadre de cette these mais rassemble des notions spécifiques du domaine, utiles pour
aborder les quatre chapitres suivants.

6.1 Introduction (traduite)

La matiere molle et spongieuse est omniprésente dans la nature, a toute échelle. Quelques
exemples emblématiques sont donnés par des systemes vivants, comme les bactéries ou
les éponges de mer, tandis que d’autres par des systemes inertes, comme la boue et
I’argile. D’autres exemples peuvent étre trouvés dans des objets du quotidien fabriqués
par ’homme, comme les éponges a vaisselle, ou encore au sein de matériaux synthé-
tiques complexes, comme les mousses ou les réseaux polymériques. Ces exemples sont
illustrés par la Fig. 6.1. D’un point de vue de physicien, de tels systemes sont des
matériaux poroélastiques. Ils ont la capacité d’étre déformés et de retrouver ensuite leur
forme initiale, comme signature de leur élasticité, d’absorber un solvant et d’héberger
des courants de fluides, comme signature de leur porosité. Sous cet angle, les hydrogels
de polymeres réticulés sont des systemes fascinants qui montrent particulierement bien
leur signature poroélastique. En particulier, la capacité du poly-N-isopropylacrylamide
(PNIPAM) a gonfler d’'un facteur 4 dans 'eau & température ambiante [1] a été large-
ment exploitée en science fondamentales. L’hydrogel ainsi formé est caractérisé par une
transition en température, d’'un comportement hydrophile a température ambiante a
un comportement hydrophobe pour des températures supérieures a 32°C. Lorsqu’il est
greffé sur un substrat [2], ce polymeére sensible a la température est utilisé dans le de-
sign de valves microfluidiques |3}, |4], dans des disciplines biomédicales comme le piege de
cellule unique [5], pour des analyses médicales ou la délivrance de substances médica-
menteuses [6], et finalement dans le domaine de la culture cellulaire 7, |§], ce qui exploite
sa biocompatibilité.

Malgré un intérét croissant pour les hydrogels de polymeres et leurs applications,
leur comportement mécanique fondamental constitue toujours un sujet peu couvert de
la littérature. Les premiers travaux sur la matiere poroélastique ont été conduit par
Biot |10], dans le contexte de la mécanique de sédimentation des sols. Tandis que les
effets de la viscoélasticité ont été investigués récemment |11H13], la poroélasticité reste a
explorer en plus amples détails [14-17]. La complexité intrinseque de ces types de matéri-
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FIG. 6.1. Exemples de systémes souples et poreux. Une photo de boue craquelée
prise en Irlande ; Bob l’éponge ; des éponges a vaisselle ; un dessin de cerveau humain ;
une photo prise en microscopie électronique d balayage (SEM) d’un réseau de polymére ;
des éponges de mer ; une photo prise en SEM d’une mousse synthétique. Le réseau de
polymeéres photographié en SEM est a l'origine publié dans [@

aux composites engendre des couplages poroélastique et/ou élastohydrodynamique, donc
leur réponse mécanique dépend de leur interaction avec leur environnement. De plus,
les hydrogels de polymeres sont formés par gonflement, et sont constitués d’un mélange
de différentes especes caractérisées par leur affinité . Si la mécanique du gonflement
a été explorée pour les gels de polymeres et celle du séchage bien documentée
pour les gouttes de liquides complexes [22-25] et les films , la littérature sur la
mécanique de dégonflement des gels est moins fournie. Qui-plus-est, le processus de
gonflement et dégonflement présente des aspects asymétriques .

Dans cette these, le comportement mécanique de matériaux poroélastiques est étudié
lorsque qu’ils sont immergés dans un solvant a la fois de facon théorique et expérimen-
tale. Ce manuscrit est organisé comme suit. Un premier chapitre présente le contexte
global de la these, allant des bases de mécanique des fluides, de mécanique des milieux
continus et de physique des polymeéres, au contexte scientifique spécifique de la these.
Le deuxieme chapitre fait état d’instabilités de surface qui peuvent surgir a la surface
d’hydrogels suite a leur gonflement et & celle de films de polymeéres suite a leur séchage.
Une nouvelle morphologie qui n’est pas documentée dans la littérature (& la connaissance
des auteurs) est mise en évidence. Dans le troisieme chapitre, le cadre théorique de la
réponse mécanique poroélastique a une force ponctuelle est établi. Le profil de déforma-
tion qui résulte est calculé en fonction du temps pour un milieu poroélastique perméable,
a la fois dans le cas d’une épaisseur semi-infinie et dans celui d’une épaisseur finie. Dans
le quatrieme chapitre, cette théorie est appliquée au cas d’un gel indenté doucement par
une sphere oscillante en conditions de lubrification. Les résultats théoriques obtenus sont
comparés a des expériences préliminaires conduites sur des hydrogels de PNIPAM, en
utilisant un systéme développé sur place et basé sur de la Microscopie & Force Atomique
(AFM). 11 est démontré que ce type de montage expérimental est approprié pour sonder
des matériaux souples et fragiles, dans un mode sans contact, sans risque d’endommager
les échantillons. Cependant la porosité de ’hydrogel gonflé apparait seulement comme
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un aspect discret de la réponse mécanique, sous la forme d’une compressibilité effec-
tive. Le dernier chapitre est dédié a 1’étude de films minces d’hydrogel de PNIPAM
avec un Appareil a Forces de Surface (SFA), en mode approche. Différents régimes de
réponses mécaniques sont mis en exergue, allant d’un régime en faibles déformations a la
transition vitreuse du film de polymeres indenté, déclenchée par déshydratation. Glob-
alement, il est démontré a travers différentes situations que la réponse poroélastique
est caractérisée par une transition en fonction du temps allant du comportement d’un
matériau purement élastique et incompressible & celui d’un matériau purement élastique
et compressible.

6.2 Conclusion (traduite)

Dans cette these, la réponse mécanique de films d’hydrogels de PNIAPM a été étudiée
sous plusieurs angles. A présent, les principales conclusions sont rassemblées, et les per-
spectives de ces travaux sont approfondies.

Au cours du chapitre 2, des instabilités de surface induites par gonflement ont été
montrées, sur des films de PNIPAM greffés, qui résultent des processus de gonflement
et de séchage. Différentes morphologies ont été explorées en AFM. A D’état gonflé, un
motif comprenant des failles nettes a été observé, tandis qu’a ’état séché, deux types
de morphologies, dépendants de I’épaisseur du film gonflé, ont été rapportés. En par-
ticulier, une nouvelle forme de motif a été observée, par comparaison aux formes déja
rapportées dans la littérature. Le motif volcan est observé en surface de films séchés
et épais de PNIPAM, et est caractérisé par une forme de surface sinusoidale, avec de
petites failles sur les hauteurs. Ensuite, des aspects quantitatifs comme la longueur
d’onde et ’amplitude des motifs ont été étudiés en fonction de I’épaisseur des films.
Ces caractéristiques ont été comparées entre les états séchés et gonflés, ce qui a con-
duit & la proposition d’un mécanisme visant a expliquer I’observation du motif volcan.
Il a été suggéré que le séchage fait apparaitre une peau rigide et mince sur la surface
préalablement déstabilisée de I’hydrogel de polymeére. Cette couche de peau engendre
une contrainte compressive suffisante pour déclencher une instabilité en forme de rides
régulieres [125, (151} 163], dont le motif volcan résulte. Pour poursuivre ce travail et
valider cette derniere hypothése, une estimation de I’épaisseur de la couche de peau est
nécessaire. Enfin, une telle morphologie jusqu’a présent inexplorée pourrait présenter
de considérables avantages dans le cadre de la fabrication de matériaux dont on dessine
les motifs, avec des applications variées, telles que la culture cellulaire ou la création de
dispositifs commutables optiquement.

Dans le chapitre 3| est établi le cadre théorique de la réponse mécanique d’un sub-
strat perméable et poroélastique, a un champ de pression axisymétrique externe. Dans
le cadre de la poroélasticité linéaire, la réponse en termes de déformation a une force
ponctuelle a d’abord été établie, a la fois dans le cas d’un substrat semi-infini et dans
celui prenant en compte les effets de taille finie. Ensuite, ce résultat a été généralisé a
tout champ de pression externe ayant les mémes propriétés de symétrie. Il a été mon-
tré qu’une réponse poroélastique est caractérisée par une transition entre la limite d’une
réponse purement élastique et incompressible & celle d’une réponse purement élastique et
compressible, comme illustré par la figure 6.2. La propension de la réponse poroélastique
a étre plus proche d’une limite ou 'autre est déterminée en comparant ’échelle de temps
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FIG. 6.2. Matrice réticulée de polymeére gorgée de solvant. (a) : Un gel réticulé
non déformé est gonflé dans un solvant, et forme un systeme poroélastique idéal. Pour
les temps négatifs, le champ de concentration en solvant est considéré comme homogéne
et fixé a co. Le champ de potentiel chimique est homogéne a [’équilibre et fizé a .
(b) : Quand un champ de pression est soudainement appliqué a t = 0, le champ de
concentration en solvant c est toujours isotrope, du fait du caractére incompressible du
liquide, mats des gradients non nuls de potentiel chimique i apparaissent. Le matériau
répond comme un solide élastique et incompressible. (c) : Dans la limite des temps
longs, le solvant a eu le temps de couler, dirigé par les gradients de potentiel chimique.
Le champ de concentration en solvant ¢ est inhomogéne mais le potentiel chimique a
retrouvé sa valeur d’équilibre pg. Le matériau répond comme un solide élastique et
compressible.

propre et intrinseque & la réponse, a celle qui est imposée par ’excitation externe. Ce
cadre théorique peut étre appliqué a n’importe quelle situation impliquant un matériau
poroélastique dans une symétrie axiale, comme fait dans les deux chapitres suivants.
Une validation expérimentale du travail de modélisation présenté dans ce chapitre pour-
rait étre apportée par n’importe quelle technique expérimentale permettant de suivre la
surface déformée d’un matériau souple et poreux immergé dans un solvant. Qui plus est,
un cadre théorique similaire pourrait étre utilisé pour calculer la réponse mécanique d’un
matériau perméable et poroélastique a un champ de pression ponctuel, dans le cas d’une
symétrie par rapport a un plan. En appliquant le méme principe de généralisation, une
perspective directe serait d’aborder le probleme de la force de portance poroélastique en

conditions de lubrification [188| 211].

Au chapitre 4, le cadre théorique posé au cours du chapitre 3 a été directement ap-
pliqué au cas d’une sphere oscillant verticalement au voisinage d’un milieu poroélastique,
en conditions de lubrification. Dans la premiere partie de ce chapitre, les composantes
de conservation et de perte de la résultante des forces sur la sphére ont été établies
théoriquement, avec des simulations numériques complémentaires. Dans la deuxiéme
partie de ce chapitre, des résultats expérimentaux basés sur de ’AFM en sonde colloi-
dale, obtenus sur des films épais et gonflés de PNIPAM, ont été présentés puis comparés a
la théorie établie lors de la premiere partie. En résumé, les techniques sans contact et en
sonde colloidale se présentent comme de bonnes candidates pour explorer des matériaux
souples et fragiles, sans courir le risque de les abimer. Cependant, la porosité apparait
comme un trait discret de la réponse, qui s’étend sur une gamme restreinte allant de la
limite du comportement d’un matériau purement élastique et incompressible, a celle du
comportement d’un matériau purement élastique et compressible. La porosité se traduit
donc par une compressibilité effective. Une perspective naturelle serait de comparer les
données expérimentales obtenues avec des données de rhéologie classique. Pour conclure,
nous avons démontré 'efficacité d’une méthode sans contact et en sonde colloidale pour
explorer des échantillons souples et fragiles. Des techniques expérimentales de ce type
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pourraient étre appliquées & n’importe quel matériau similaire tel qu’'un systéme vivant
ou des liquides visqueux en couches multiples.

Dans le dernier chapitre 5, nous avons présenté des résultats expérimentaux de SFA
en géométrie sphere/plan, obtenus sur des films minces d’hydrogel de PNIPAM, en con-
ditions de lubrification. La situation est similaire & celle introduite au chapitre 4| a
deux exceptions prées : le ratio entre le rayon de la sphere et I’épaisseur du gel est com-
pletement différent et I'expérience a été réalisée en mode approche jusqu’a atteindre le
contact. Plusieurs régimes différents de réponse mécanique de I’échantillon ont été mis
en valeur, allant de faibles déformations en conditions de lubrification & une transition
vitreuse induite par la déshydratation. Enfin, en décrivant le film déshydraté et vitreux
de PNIPAM comme un matériau purement élastique, un module élastique qui dépend de
la vitesse d’approche a été mesuré. Cette observation a été expliquée par la présence de
traces résiduelles de solvant toujours en train de couler dans le réseau polymérique. En
conséquence, une perspective intéressante serait de modéliser le film vitreux comme un
matériau poroélastique, puisqu’une description purement élastique révele une réponse
dynamique. En outre, un dernier régime reste & modéliser, celui ou le film est physique-
ment en contact avec la sonde, qui lui impose de larges déformations. Enfin, des ex-
périences complémentaires pourraient étre réalisées pour valider les observations d’une
transition vitreuse induite par la déshydratation, telles que ’étude des propriétés élas-
tiques en fonction du taux d’humidité en AFM. Egalement, des expériences similaires en
mode approche pourraient étre testées en AFM en sonde colloidale, ce qui changerait les
échelles de longueur. Enfin, le cadre théorique établi au chapitre 3| pourrait étre adapté
pour décrire des expériences d’approche sur des matériaux poroélastiques.
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Appendix A

Analysis of experimental data

A.1 Treatment of AFM images

In the present section we detail the treatment process that is realized on raw AFM
imaging data, using the software Gwyddion http://gwyddion.net/.In Fig. A.1, we
show the main steps of treatment that are systematically applied. A raw AFM image
is usually difficult to read, as shown for example on Fig. |A.1(a). The sample is usually
slightly tilted compared to the perfect horizontal plane. A first step of treatment consists
in correcting the planar tilt, as indicated by the schematic below the image. Then, we
obtain the image shown in Fig. A.1(b). To realize a topography measure, the AFM head
moves laterally along a first line, from left to right, then measures the second line (just
above or just below the first one), moving from right to left, then the third one from left
to right, etc. A gap in height may appear between two successive lines. Then, the next
step of treatment consists in correcting the gap between successive lines, as schematized
below, to obtain the image shown in Fig. A.1(c). Finally, for a more convenient reading,
the mean plane is subtracted. As a consequence, the legend color scale indicating the
measured height in each point is centered at zero. On the final image that is shown in
Fig. A.1(d), the color scale was also adapted to the height distribution, so as to improve
the contrast and ease the reading.

Additionally, if the AFM image has a defect, such as the one we show in Fig. A.1], a

FIG. A.1. Treatment of raw AFM images. Image et different steps of treatment
and schematic of the defect to correct. (a): Raw image obtained after a topography
measurement. (b): After correction of the planar tilt. (c): After correction of the gap
between successive lines. (d): After subtracting the mean plane.
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FIG. A.2. AFM image of a scratch in a hydrogel thin film.(a): AFM image of
the scratch. On the left we can see the gel surface, on the right the glass substrate. The
white rectangle represents 5 um. (b): Same image than in (a). The red color indicates
the masked regions (imperfections, AFM artefacts, accumulation of matter close to the
cliff...), that are not taken into account in the analysis. (c): Distribution of heights,
based on (b). The gap between the two mazxima define the thickness of the gel.

mask can be drawn by hand on the concerned region, such that the calculation involved
in data treatment does not take into account the defect. For instance, here the defect
consists in a sharp roughness at the surface of the image, that is beautiful apart from
that. Such a defect would introduce an error in the calculation of the tilted plane at step
(a), and/or when computing the correspondence between successive lines at step (b), or
a shift of the mean plane height upwards at step (c). Finally, other treatments may be
useful depending on the image, such as a correction of grains, effect of adhesion... Yet
the best is to have a nice image from the start.

A.2 Measurement of a hydrogel thickness by AFM

In this section we describe how the thickness of a dry gel is typically measured by AFM. A
scratch is made on the gel with a scalpel, in an only gesture, such that the glass substrate
underneath the polymer is discovered. Then, the topography of the scratched region is
measured by AFM, in tapping mode, with a standard sharp tip (Nanosurf, Dyn190Al,
nominal stiffness kpom = 48 N/m and nominal resonance frequency kpom = 190kHz). An
exploitable image should show equally both the gel surface and the glass substrate. The
“cliff" should appear vertically (perpendicularly to the scanning direction), in the middle
of the image, and be as sharp as possible. In Fig A.2(a) we show such an AFM image of
a scratch performed on a flat PNIPAM gel. After discarding irrelevant defects as shown
in Fig. A.2(b), the distribution of heights is extracted from the image and is shown in
Fig. A.2(c). Two planes are visible, and the difference of height between them provides
a measurement of the thickness of the gel. In the example presented here, we measure a
thickness of 654+ 2nm. The present method is used to measure the thickness of thin and
flat samples, as well as patterned ones, in both dry and wet conditions. In the case of
a patterned sample, the averaged height of the surface of the gel is taken as the highest
plane, within a larger error. In the case of a soft and swollen gel, the AFM image is done
in contact mode with a low set-point (3nN or less) and a specific probe (Nanosensors,
qp-BioAC, softest cantilever, nominal stiffness kyom = 0.06 N/m and nominal resonance
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frequency kpom = 30 kHz).

A.3 Differentiating patterns

A.3.1 Height distributions of patterned samples

In this subsection we show how to differentiate creased pattern (e.g. brain-like patterns
in the dry state) from volcano pattern, using the height distributions. In Fig. A.3, we
show two AFM images of the surface topography of two samples. The first one, shown in
Fig. A.3(a) is a swollen PNIPAM hydrogel of dry thickness 74,y = 950 nm (thus of swollen
thickness Twet & 3.5 — 474yy) exhibiting creases. The second one, shown in Fig. A.3(b) is
a dried PNIPAM hydrogel of dry thickness 74,y = 2.95 pm.

The height distributions are extracted from the both AFM images, and plotted below
each image respectively. We observe that for creases, the distribution exhibit a shift
towards the greater heights z, while for volcano pattern, the distribution exhibit a shift
towards the smaller heights z. Thus, looking at distribution of heights constitutes a
quick mean to identify a pattern type.

A.3.2 Minkovski functions

In this subsection, we compute the Minkovski functionals [284) 285] from the two AFM
measurements of the surface topography of the two samples shown in the previous sub-
section, and show a quantitative and systematic method to classify pattern types. Con-
sidering a non-flat surface S of an object and S its boundary, the Minkovsky functionals
are defined as:

Mo(S) = /S ds, (A.1a)
Mi(S) = % /5 Lde (A.1b)
Mo(S) = 2%2 /5 . m de, (A.1c)

with ds being a surface element, dc a circumference element, R the radius of the local
curvature. Then, the Minkovski surface area Apfink, perimeter Pyiink, and connectivity
XMink are defined as :

Antink = Mo(S), (A.2a)
Putink = 27 M1 (S), (A.2b)
XMink = TM3(S). (A.2¢)

The Minkowski area Ajfink, perimeter Pyrink, and connectivity xmink correspond re-
spectivey to the area enclosed by an isocontour, the total length of the isocontours,
and number of connected components in an isocontour. Minkowski functionals pro-
vide a method of distinguishing 3D patterns with different morphologies [286], since
morphologically-equivalent patterns exhibit the same functional dependence on surface
height. The Minkovski surface area, perimeter and connectivity were computed as a
function of height z, using a special package of Python [287], whose documentation is
available at https://boeleman.github.io/quantimpy/index.html. In Fig. /A.3(c), we
show the Minkowski area Apink, perimeter Pyink, and connectivity xmink as a function
of the heights z, normalized by the amplitude of the surface topography A,. We observe
that these three quantities constitute an efficient way to clearly distinguish a pattern
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FIG. A.3. Height distribution for different patterns.(a): Surface topography mea-
sured by AFM of a swollen PNIAPM film, fabricated using a spin-coating speed of
wspin = 2500rpm and a polymer solution concentration at cpnipam = 5 %. The thickness
in the dried state is measured at Tqry = 950nm. The height distribution is extracted from
the AFM image and shown below. (b): same as in (a), with a dried sample fabricated
using a spin-coating speed of wspin = 1000rpm and a polymer solution concentration
at cpnipaM = 10%. The thickness in the dried state is measured at Tdry = 2.95 pm.
(c): Minkovski area Aniink, perimeter Puiink and connectivity xmink 6S a function of the
heights z, normalized by the amplitude of the surface topography Ay

type from another. In particular, the asymmetry of the perimeter distribution Pprink
gives a simple criteria to classify patterns.

A.4 Measurement of Young’s modulus by AFM

A.4.1 Processing the raw data

From raw spectroscopy data to force-distance curves: In the present section
we detail the analysis process of raw spectroscopy data [225| [226]. In practice, the
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FIG. A4. Treatment steps of raw AFM spectroscopy data. (a): Cantilever
deflection Zcanti as a function the piezo position zpieso, as raw spectroscopy data. (b):
Raw force Fray as a function of the position of the cantilever zcanti as defined by Eq. (A.3).
(c): Raw force Frayw as a function of the distance between the probe and the sample, as
defined by Eq. (A.4). (d): After removing the baseline, we obtain the force F as a
function of the sample-probe distance H .

treatment in done using the software AtomicJ |241]. In Fig. A.4/ we show the main steps
of treatment that are systematically applied. A raw spectroscopy curve corresponds to
the cantilever deflection Zcant; as a function of the z-position of the piezo element zpieo.
In Fig. A.4(a) we show an example of a raw spectroscopy curve ( we know the deflection
sensitivity D.S, thus the cantilever deflection is expressed in distance). A first step is to
compute the position of the cantilever zcunti, in the same frame as the one of the piezo,
as:

Zcanti = <piezo — Zcanti- (A3)

Thus, knowing the spring constant kcanti, in Fig. A.4(b) we show the raw force Fi,y as a
function of the position of the cantilever z¢anti. A second step is to convert the cantilever
position zcanti into the sample-probe distance H. The latter distance is defined as:

H = zgiv — Zcanti, (A4)
with zgjy the distance at which the force diverges, which gives the maximum indentation
of the sample that is reached. Thus, in Fig. A.4(c) we show the raw force Fi,y as a
function of the sample-probe H. Finally, the baseline, which is the offset in force, is
subtracted. The latter offset may result of a non-perfect alignment of the laser on the

four-quadrant photodiode. In Fig. |A.4(d) we show the resulting force F as a function of
the distance H.

Fitting force-distance curves Then, force-distance curves can be exploited depend-
ing on (i) the probe used to investigate the sample and (ii) the mechanical response of
the sample.
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FIG. A.5. Measurement of the Young’s modulus of dry PNIPAM films. (a):
Typical AFM image of the investigated sample. The PNIPAM film shown here was fabri-
cated using a spin-coating speed of wspin = 2500 rpm and a polymer solution concentration
of cpntpaM = 5 %. The resulting dry thickness is measured at Tdry = 950nm. The white
bar represents 5 pm (b): Measured Young’s modulus E as a function of the x,y-position
of the measurement, on a 20 x 20 um window. (c¢): Histogram of the measured values of
Young’s modulus E. We retain E = 700 = 100 MPa.

(i) The geometry of the probe determines how the contact between the probe and the
sample is achieved. The software AtomicJ takes into account the shape of the tip (cone,
pyramid, sphere, blunt tip...) and its dimensions (radius of curvature, half-angle...).

(ii) The model applied to describe the contact with the sample takes into account
mechanical properties of the latter.The Hertz model is often used as a reference ,
however models taking into account adhesion may also be used , . Finally, in
relevant cases, electrostatic forces are taken into account .

A.4.2 Young’s modulus of dry PNIPAM films

The process to extract the Young’s modulus from force-distance curves is automatized
using the software AtomicJ . An example of the measurement is shown in Fig. A.5.
In Fig. |A.5(a) we show a typical AFM image of the investigated sample, that exhibit
a pattern. In Fig. A.5(b) we show the measured Young’s modulus, as a function of
the z,y position of the measurement. We observe that the measured Young’s modulus
is independent of the pattern. Finally, on Fig. A.5(c) we show an histogram of the
measured values of Young’s modulus. We retain £ = 700 £ 100 GPa, which is the most
represented value in the histogram.

A.5 Enforcement of the period-doubling hypothesis

In Sec.[2.3.2, we performed a fit of experimental data, which are the expected wavelength
in the swollen state of patterns observed at the surface of PNIPAM hydrogels, )\‘I')Vet, as a
function of the expected swollen thickness Tywet. The model on which the data are fitted is
developped by Dervaux and Ben Amar . The fit was done on two fitting parameters
a1 and a9, that correspond respectively to a prefactor and the dry elastocapillary length
lcapd™y, as given by Eq. (2.12). The wet expected wavelength is defined by the period
doubling hypothesis, formulated in Eq. (2.7).

In the present section we question the factor 2 between the wavelength in dried and
swollen states in the thin-film regime. We perform the same fit, but with a third fitting
parameter, which corresponds to the factor between the wavelengths. Thus, the model

156



A.6. FINDING CENTERS ON SFA IMAGES

Q

o

5| © Brain pattern Tiry ~ 15/ Sk a 5L <
10 ©  Volcano pattern «-sesees A~ Ty Qe 10 Qe
X Wet pattern — = Derveaux (2011) o a,.:‘; o Pt
= o ""é,o —_ Q @’0
=1 it =1 i
210% 9 15% 1 =10%F e 9% 0% 3
gga'b """ )? gqg
103 © X5 a; = 3.46 - 103 F © s a; = 3.52 E
"""""" imposed dry-wet factor 2 i %Y = ap = 152.7nm dry-wet factor az = 2.04 1Y = @y = 157.4nm
1 1 1
1 03 1 O4 1 03 1 04
SrTary [nm] SRTary nm]

FIG. A.6. Fit of the ratio between swollen and dried wavelength in the thin-
film regime. Ezpected wavelength Ayet when swollen as a function of expected swollen
thickness Twet = SrTdry. The experimental data are fitted with the model of Dervauz and
Ber Amar. (a): With two fitting parameters oy and g, imposing the ratio between the
swollen and dried wavelength in the thin-film regime. (b): With three parameters, oy aa
and as, the ratio between the swollen and dried wavelength in the thin-film regime being
kept as a fitting parameter.

on which the experimental data are fitted reads:

417y
wet __ o crrary
Ap —0411 44953745y |’ (A.5)
08| —a
A= e, for Ty < T (A
Ayet — zdry, for  7Tary > Tary,e-

The results are shown in Fig. A.6. In panel (a) we show the same data as in
Fig. 2.14(a), for reference, with the best fit line established with two fitting parame-
ters. In Fig. A.6(b), we show the experimental data fitted with three fitting parameters,
based on Egs. (A.5) and (A.6). We obtained a prefactor and an elastocapillary length
from the fitting parameters a1 and aso respectively, that are similar to the one obtained
with a two-parameters fit, within 2 — 3%. Finally, we obtain from the third fitting pa-
rameter ag the ratio between the swollen and dried wavelengths in the thin-film regime,
as ag = 2.04, instead of the precise value of 2 that is imposed in the two-parameter fit.
In conclusion, the hypothesis of the period doubling holds, within a 2% error, which is
small considering the dispersion of the data.

A.6 Finding centers on SFA images

In this section we detail how the center of an interference image is found numerically.
The raw image is first divided by the background image. A typical obtained image is
shown in Figs. A.7(a) and (b). A first guess of the center position is given manually on
the last image of the series (we analyze from the closest distance D, thus we start with
the last image). The coordinates of the center (zg, yo) being guessed, each pixel of the
image is associated to cartesian coordinates (z, y), then to polar coordinates (r, 6). In
Fig. |A.7(c) the same image is shown, in polar coordinates.

The position of the center is numerically optimized from the first guess introduced
manually, by working on the image in polar coordinates. We discretize linearly the
azimuth axis in IV points with a angle step Af, and we note 6; = i{Af. For a given
column j (corresponding to a given ), the following loss function on the intensity I (in
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FIG. A.7. Numerical search for the center of the Newton’s rings.(a): Large
plan of an interference image, after division by the background image. (b): Zoom on
the center of the rings. (c): Conversion of the image into polar coordinates. The light
intensity is plotted as a function of the radial coordinate r (horizontal axis) and the
azimuths 6 (vertical axis).

grey scale) is computed:

)’ (A7)

with T (rj) being the intensity averaged over a column. Then, the position of the center
(zo, yo) is optimized so as to minimize the function £. Finally, the coordinates are
obtained with a precision smaller than a pixel.
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FIG. A.8. Front velocity of the spherical probe in SFA. From the data of Fig. 5.6(b),
the time-derivative of the distance D between the two glass interfaces is computed and
plotted as a function of Vt, the traveling distance imposed at the back of the spring.

A.7 Front velocity of the spherical probe in SFA experi-
ments

In this section we compute the time-derivative of the distance D measured between
the two glass interfaces in SFA experiments. We use the experimental data shown in
Fig. 5.6(b). The experimental data are first filtered using a Savitsky Golay filter of order
3, on a 15-points window (see Appendix C.2.4). Then the time derivative is computed.
The obtained velocity is filtered again, with a Savitsy Golay filter of order 3 on a 15-
points window. In Fig. A.8 we show the front velocity of the spherical probe, D, as a
function of the traveling distance imposed at the back of the spring, Vt. We observe
a first plateau regime for each command velocity, which correspond to the early-time
regime, characterized by a constant velocity of the sphere in water. Then a second regime
appears for Vit > 1.5 um, characterized by a slow decrease of each individual velocity,
with front velocities on the order of D ~ 1nm/s.
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Crossover between lubrication
and contact regimes in SFA
experiments
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FIG. B.1. Zoom around the inflection point in distance-time representation.
Distance D between the two glass interfaces as a function of time, zoomed around the
inflection point, for each of the ten approach curves shown in the Chapter 5. (a): First
data set, made of four curves. (b): Second data set, made of six curves.
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Numerical Techniques

In reciprocal spaces, expressions were plotted using a logarithmic discretization of the
spectral axis s, with a total number of points Ny = 500, on a range of s € [1073;10?].
For the finite case, numerical errors are seen for values of ¢ lower than 1.

C.1 Laplace inverse transforms

Laplace backward transform is formally expressed by the Bromwich intergral as in com-
plex space:
X L7 40 % (e C.1
t) = — et .
=55 [, 40X (€.1)
Talbot’s algorithm is used to compute numerically the inverse Laplace transform [255].
The inverse transform is approximated by:

X(t) 52t szl Re (ka< ” )) , (C.2)

with the nodes given by:

2M 2k k
ap = T7 ap = ?ﬂ- (COth(z\;) + Z) 1 S k < M7 (03)

and the weight by:

eXo

km km km
= = (1 —)?) —i —)le* 1< : 4
wo . Wk [1+1M( +c h(M)) zcoth(M)]e <k<M. (C4)

2
A precision of M = 24 is chosen, and the time axis is linearly discretized.

A requirement of Talbot’s algorithm is that the function to invert should be explicit
in Laplace space. As such, Laplace backward transforms are always computed first on
explicit functions in reciprocal space. Then, Hankel backward transforms are computed
on real-time expressions.

C.2 Hankel inverse transforms

C.2.1 Riemann summation

In the figures shown in this chapter, the backward Hankel transforms were computed
with Riemman summation over a finite domain. We recall the backward transform of
order 0:

= /OOO ds X (s)Jo(sr)s. (C.5)
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For the semi-infinite case, a linear discretization scheme was used, with a fixed space
step both in spectral and real domains, respectively ds and dr, using Ns; and N, points.
The integral is approximated by a Riemann summation so that the backward transform,
expressed at the point r; = ¢ x dr, reads:

Ny—1
Z (sj)Jo(sjri)s;ds. (C.6)

The numerical parameters chosen are Ny = N, = 200000 and dr = 0.005, on a finite
reciprocal domain s € [1073;103].

C.2.2 Gauss-Legendre quadrature method

For the finite case, a non-linear, more adapted discretization scheme is chosen to increase
the precision. The integral is computed using Gauss-Legendre quadrature method. The
integral of an expression f on an interval z € [—1;1] is approximated by:

/ dz f(z ijf z;), (C.7)

with z; the j-th zero of the Legendre polynomial of order n P, and w; the associated
weight, given by:
w; = 2 , (C.8)
(1 — %) [P} ()]
A mapping of the s axis on [—1;1] is performed using a linear change of variable and
leads to the following discretization of the reciprocal axis:

55 = SNS?lQ_ No g+ ‘SNSA; e, (C.9)
such that the backward transform expressed at the point r; reads:
Ns—1
X(ri) =Y X(s5)Jo(sjri)sjw;. (C.10)
§=0

The numerical parameters chosen are Ny = N, = 200000 and dr = 0.05, on a finite
reciprocal domain s € [1074;102].

C.2.3 Fourier-Bessel series

Another method based on Fourier-Bessel serie was explored to numerically compute
inverse Hankel transfoms on a finite domains [291]. Let us denote ji the k-th root of
the Bessel function of order 0 Jy, and respectively sy and ry the upper bounds of the
reciprocal and real domains. The reciprocal axis s and the real axis r are discretized on
a total of N points, as:

S = 2 =N < < N, (C.11a)
NN
rp= N Ik o< N (C.11b)
JN SN

The forward Hankel transform is approximated by:

Z X(r%)Jo (‘%‘Z\:n) . (C.12)

220
= syt
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C.3. NUMERICAL RESOLUTION OF THE FREDHOLM INTEGRAL
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FIG. C.1. Effect of a Savitsky-Golay filter of order 3. A Savitsky-Golay filter of
order 3 is applied on a 9-points wide sliding window, for a total of 200000 points.

The backward Hankel transform is approximated by:

N ..
-y 2 % JmJk
X = 2 Loy ) ( in ) ‘ (C.13)

This method is claimed to be efficient to reduce numerical errors due to the truncation
of the integral at a finite value sy, yet it adds constraints on the sampling in both
reciprocal and real space, such as syry = jn.

C.2.4 Savitsky-Golay filter

After having applied both backward Laplace and Hankel transforms, a few residual
oscillations remain on the numerical result. Curves are smoothened using a polynomial
Savitsky-Golay filter of order 3, on a 9 points-wide sliding window, for a total of 100 000
(finite-sized case) or 200000 (semi-infinite case) points. Fig/C.1| shows that when an
effect of smoothening is obtained, residual oscillations due to numerical challenges are
erased, and results are more lisible. For our purpose no information is lost in the process.

C.2.5 Numerical calculation of the finite-thickness poroelastic Green’s
function in reciprocal space

When computing large numbers with Python, fatal errors occur (“OverFlowError") and
the software does not end the computation. To avoid this problem, the calculation is
made as follows:

Fy Np+ Na+ N3
d7Gsq D1+ Doy + Dsy

|F,
with Eqs. (3.42) and (3.43), for s 50 <100

Wy (S, Q)
47 GO Dpes? wit q. (335), for 8\/> 60 > 100
S A e q
! ! * pT(l 1 Epe32>

(C.14)

C.3 Numerical resolution of the Fredholm integral

In this section we detail the numerical resolution of the Fredholm integral of the second
kind used in Sec. 4.1.5. We first recall the integro-differential equation of the Fredholm
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integral: )
. . 3/2 00

(k) = —¥Kl(/€) _ ;’71 (Z) /0 ds G (s)p* (5)K (s, k), (C.15)
with the variables s, k, the complex pressure field p* and the Green’s function G in
reciprocal space being dimensionless. The kernel K of the Fredholm equation has an
analytical solution [261], given by Eq. (4.30). The integral is evaluated with Gauss-
Legendre quadrature method described in Appendix |C.2.2. The s-axis is discretized in
N points, we denote s; the j-th point being the j-th zero of the Legendre polynomial of
order NV and w; the associated weight. We denote the complex pressure field p* expressed
at the discrete point k;: pj = p*(k;), and the kernel K expressed at the discrete points
s; and kj: K ; = K(s;, k;). The discretized version of Eq. (C.15) reads:

pj = —TKl(k]) — % (H) ; wlg (Sl)pl K:l,j‘ (016)

We can write the latter equation under the form of a matrical system:
M.P =TRHS, (C.17)

with P the vector to solve for, RHS a known vector and M a matrix to invert, the
expressions of which are given by:

RHS; = —ik;Ki(kj), j€[0;N—1], (C.18b)
4 2 (H,\%/?
M= 3015 — = () wG*(s)Kyj, 1,7 €[0;N —1], (C.18¢)
’ 37 kj H ’

with d; ; the Kronecker symbol. The matrix M can be numerically inverted, such that
the complex pressure field is given in reciprocal space by:

P=ML1RHS. (C.19)
The discretized complex pressure field at a point k; is then given by:
pi=Pi=(M") RHS; 1e[o;N—-1] (C.20)
7‘7
C.4 Calculation of the finite-thickness poroelastic Green’s
function with Mathematica

In this section is given a Mathematica code that computes formally the poroelastic
Green’s function for a finite-thickness layer in reciprocal spaces. To make the output

won

display, one can erase the punctuation sign “;" at the end of a line.
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m-j= chi[s_, q_] = Dpexs”™2/q;
beta[s_, q_] = Sqrt[1+1/chi[s, q]];

zeta[s_] = s *tau;

- RHS[s_, q_]1 = {@, -FO/ (4PiG xs”~2q), 0, 0, 0, 0};

m-}- BigMatrix[s_, q_] = {{9, 0, 1, beta[s, q], -1, -beta[s, q]}, {-1/s,1/s,1,1,1, 1},
{1/s, -1/s, 0, 1/ (Lambda = chi[s, q]), @, 1/ (Lambda * chi[s, q])},
{-taux Exp[-zeta[s]], -taux Exp[zeta[s]], Exp[-zeta[s]],
Exp[-zeta[s] »beta[s, q]], Exp[zeta[s]], Exp[zeta[s] » beta[s, q]1},
{(1+zeta[s]) /s*Exp[-zeta[s]], (1-zeta[s]) /s xExp[zeta[s]],
-Exp[-zeta[s]], beta[s, q] * Exp[-zeta[s] » beta[s, q]], Exp[zeta[s]],
beta[s, q] » Exp[zeta[s] » beta[s, q]1]1}, {1/s*Exp[-zeta[s]], 1/s xExp[zeta[s]],

0, beta[s, q] / (Lambda x chi[s, q]) » Exp[-zeta[s] x beta[s, q]],

0, -beta[s, q] / (Lambda x chi[s, q]) * Exp[zeta[s] = beta[s, q]]}};

n-}= InvBigMatrix[s_, q_] = Inverse[BigMatrix[s, q]];

= CoeffAB[s_, q_] = InvBigMatrix[s, q].RHS[s, q];

m-1= Al[s_, q_] = Part[CoeffAB[s, q], 1];
A2[s_, q_] = Part[CoeffAB[s, q], 2];
Bl[s_, q_] = Part[CoeffAB[s, q], 3];
B2[s_, q_] = Part[CoeffAB[s, q], 4];
B3[s_, q_] = Part[CoeffAB[s, q], 5];
B4[s_, q_] = Part[CoeffAB[s, q], 6];

= Apotential[s_, z_, q_] Al[s, q] * Exp[s *z] + A2[s, q] * Exp[-s * z];

Bpotential[s_, z_, q_] B1l[s, q] * Exp[s * z] +B2[s, q] * Exp[s » z » beta[s, q]] +

B3[s, q] * Exp[-s *z] +B4[s, q] * Exp[-s »z x beta[s, q]];

m1= UZ[S_, Z_, q_]1 =
z * D[Apotential[s, z, q], z] - Apotential[s, z, q] + D[Bpotential[s, z, q], z];

GreenPoroElastic[s_, q_] = Uz[s, 0, z];



Appendix D

Green’s functions

D.1 Introduction to Green’s function: resolution of a dif-
fusion equation

In this section, we detail the classical path that is used to solve a three-dimensional dif-
fusion equation. We take the opportunity of solving a simple standard diffusion equation
to present the calculation method, which scope is much more general. This method is
generally used to solve more complex systems of partial differential equations. Let us
consider the following diffusion equation over a concentration field c:

— =DV (D.1)

The diffusion equation is first solved in one dimension, along the x axis, for simplicity.
First, a fundamental solution denoted G is desired, i.e. a solution that satisfies the
following initial condition:

c(z,t=0) = cod(z) (D.2)

We introduce the spatial Fourier transform of the concentration field ¢, as:
(0.0) = —= [ decw,ne i (0.3)
é(g,t) = — xc(x,t)e . :
¢ 21 J—co

Thus, the diffusion equation (D.1) and the initial condition given in Eq. (D.2) are ex-
pressed in Fourier space, as:
o¢
a{ = —Dg% (D.4a)
é(q,t =0) = cp. (D.4b)

The solution to Egs. (D.4) in Fourier space is called the fundamental solution or the
Green’s function of the diffusion equation (1.16), and reads:

G(q,t) = coexp (Dth) : (D.5)

By applying the inverse Fourier transform, the Green’s function is expressed in real
space, as:

2
Co T
G(z,t) = exp|——= 1. D.6
(@) = ——=-exp | =7, (D.6)
We consider now the three-dimensional diffusion equations written in Eq. (D.1)),
associated to the fundamental initial condition, as:

c(z,t = 0) = 3 (x). (D.7)
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D.2. POINT-FORCE SOLUTION FOR A SEMI-INIFINITE IMPERMEABLE GEL
AND COMPARISON TO THE PERMEABLE CASE
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FIG. D.1. Comparison between the point-force solutions of the permeable and
impermeable cases. (a): Normalized surface deformation as a function of the radial
coordinate at the noted time, using v = 0.1. The point-force solutions for permeable
and impermeable boundary conditions are shown, computed from the inverse transforms
of Eqs. (3.35) and (D.11). The orange and red dashed lines correspond to the inverse
transforms of Eqs. (3.36a) and (3.36b). The inset shows the same data on logarithmic
scales. (b): Relative difference between the surface deformation in the permeable and
impermeable cases, as a function of the radial coordinate, for the noted dimensionless
times. The inset shows the same data in semi-logarithmic scale.

The fundamental solution of the problem, or the three-dimensional Green’s function, is
the product of the Green’s functions in one dimension, as written in Eq. (D.6). The
resulting Green’s function in three dimension reads:

2
Co xr
G(x,t) = ———=exp (—) . (D.8)
VarDt’ 4Dt
Finally, by applying the superposition principle, the solution to the diffusion equa-

tion (1.16) associated with any initial condition is computed by convolution to the
Green’s function G, as:

o(m, 1) = // [ @2 g(@—y.te(y.t = 0), (D.9)

with ¢(x,t = 0) the initial condition.

D.2 Point-force solution for a semi-inifinite impermeable
gel and comparison to the permeable case

Here, we discuss the effect of surface permeability on the point-force response. In this
chapter, the focus is made on permeable-interface case, we assumed that the gel is in
contact with a bath of its own solvent, which fixes the chemical potential of the solvent
at the surface to its reference value, at all times. If the gel is in contact with an other
kind of medium (e.g. air, solid surface, or immiscible liquid), the description should be
modified, in particular by incorporating drying. If one considers time scales smaller than
the drying time, we can neglect the solvent exchange at the interface. In that case, we

suppose the solvent flux vanishes at the surface, allowing us to impose the impermeable
boundary condition at z = 0:

O,
J.-n= a(r,z—o,t) = 0. (D.10)
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We can use the same method as the one described in section [3.3.1.1, in order to derive
the point-force response of a semi-infinite, permeable medium:

1 1
B )

where the superscript “imper” stands for the impermeable condition. We thus recover
the solution derived in Ref. [110]. The diffusive-like self-similarity discussed in the main
text, holds as well here.

The point-force responses with impermeable and permeable boundary conditions
are compared in Fig.D.1(a). Both solutions appear to be qualitatively similar, and
display the same short-term and long-term behaviors. Nevertheless, at a given time
t = 0.1Fy/(GDpe), we observe that the surface deformation in the impermeable case
is smaller than the one in the permeable case. Also, the permeable solution relaxes
faster than the impermeable one towards the long-time purely elastic compressible limit.
Quantitatively, for a Poisson ratio v = 0.1, we observe a relative difference between the
two solutions up to 35%, where the maximum difference is located at a radial position
~ /Dpet, as shown in Fig. D.1| (b).

uA)imper

(s.q) = (D.11)

D.3 Derivation of the semi-infinite, poroelastic Green’s
function in steady-state

In chapter 3| we derive the deformation profile of a semi-infinite poroelastic layer sub-
mitted to any axisymmetrical, external pressure field, in the general case.

D.3.1 Linear poroelastic theory

In this section we focus on the particular case of a periodic pressure field p, and we thus
invoke the linear response theory, we write a field X as:

X(r,t) = Re[X*(r)e™"], (D.12)

where * indicates complex variables, i> = —1, and Re is the real part. We recall the set
of two coupled equations Eqgs. (3.8) on the concentration field and the chemical potential
that govern the problem, and write them in complex variables:

]_ —
VZ |t - 2607 — QVVC* =0, (D.13a)
Do V2" —iwce® = 0. D.13b
p

At the solvent-gel interface in the steady-state regime, a pressure field p*(r) is applied,
thus Eq. (3.10) becomes in complex variable:

o, =-p*(r), oy, =0. (D.14)

We consider the solvent-gel interface to be permeable as in section 3.2.1.2, which sets
the surface chemical potential to its reference and constant value. In the steady-state
regime, the constant disappears:

p(r,z=0)=0. (D.15)

The poroelastic layer is considered infinitely thick. In the limit z — oo, the stress and
strain fields vanish. The complex solvent concentration ¢* and chemical potential p*
fields go to 0 in the steady-state regime.
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D.3. DERIVATION OF THE SEMI-INFINITE, POROELASTIC GREEN’S
FUNCTION IN STEADY-STATE

D.3.2 Resolution

Following the method introduced by McNamee & Gibson [117, [252(-254], we use the
same change of variables as in chapter |3, section [3.3.1/ which consists of the introduction
of two displacement potentials A*(r, z) and B*(r, z), in steasy-state regime, defined by:

0A*  0OB*
r = D.1
U =25 + 5 (D.16a)
. 0A* .  OB*
Uy =2 + P (D.16b)

with «) and u} being the two components of the complex displacement field u*. The
potentials A* and B* satisfy the following equations:

V2A* =0, (D.17a)
V2B* = Qc*, (D.17b)
0A* 1—-v
2GQ = — 2G0? * D.1
G, = — 260 e (D-17¢)
Dy VAB* = iwV2B*. (D.17d)

Given the axisymmetry of the situation, to solve Eqs. (D.17), we reconsider the problem
in spatial spectral domain. We introduce the Hankel transform of i-th order, with ¢ €
{0,1}. In such a framwork, a given field X*(r)is transformed into:

X*(s) = /OOO dr X*(r)rJ;(sr), (D.18)

where Jj is the Bessel function of the first kind and zeroth order. The inversion formula
reads:

X*(r) = /OOO ds X*(s)sJ;(sr). (D.19)

Then, the calculation path detailed in section 3.3.1] applies for the calculation in the
steady-state regime, substituing the temporal frequency ¢ in Laplace domain by iw in the
steady-state description. Expressing Eqgs. (D.17) in spectral domain, we get the following
ordinary differential equations on the transformed potentials A*(s, z) and B*(s, z):

0 9\ s
(822 — 5 ) A" =0, (D.20a)
(;; — 52— 1’)‘:) <§; - 52> B* =0. (D.20b)
The solutions to Egs. (D.20a) and (D.20b) that vanish at z — —oo read:
A* = a1e%, (D.21a)
B* = b1e% + bye?V ot/ Pre (D.21b)

where a1, b1, bo are integration constants, that depend on the spectral variable s and
the frequency w. Expressing the stress and chemical-potential boundary conditions of
Egs. (D.14) and (D.15) in reciprocal spaces in terms of the potentials, we obtain under
a matricial form:

0 0 1 ﬁ al
N .

-r (SS; == 1 } NECEE (D.22)
0 5 0 Ay bo
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with:

Dpes? X 1—v

Solving Eq. (D.22), we can compute a1, by and by. Using Eqs. (D.16), (D.21) and (D.22),
we finally express the deformation profile in the steady-state regime:

Dpes? j 1 1-2
y = it B:\/1+ i :\/1+, A= - (D.23)
w

. 1
0" (s) = —ii%(s, 2 = 0) = 1’2§> — - (D.24)
S : e W
L in B (1o g )
The Green’s function of the problem in the steady-state regime reads:

1 1
R (e

D.4 Derivation of the finite-thickness, purely elastic Green’s
function

G (D.25)

In chapter 3 we derive the deformation profile of a semi-infinite poroelastic layer sub-
mitted to any axisymmetrical, external pressure field, in the general case.

D.4.1 Linear elastic theory
D.4.1.1 Description of a purely elastic medium

In this section we focus on a purely elastic and compressible finite-size layer. There is no
solvent flux inside the elastic matrix, thus, the chemical potential is fixed to its reference
value g, and the permeability k£ and the solvent flux bmJ are set to zero. We recall the
definition of the strain tensor €, as written in Eq. (3.1):

€= % {Vu + (Vu)T} ) (D.26)

where u denotes the displacement field with respect to the reference state. We suppose
again the stress-strain relationship to be linear. The stress tensor o given by Eq. (3.5),
in the absence of any flow, reads:

v
1—-2v
where I is the identity tensor. In the absence of body force, the mechanical equilibrium
is expressed by Navier’s closure equation, given in Eq. (3.6), by:

V.o=0. (D.28)

o =2G [e + Tr(e)I}, (D.27)

D.4.1.2 Equation governing the displacement field

Combining the last three equations, we get and equation on the displacement field u:

2 ) —
Vau+ 1 21/V (V-u)=0. (D.29)
Finally, we take the divergence of Eq. (D.29), and get:
V2(V -u)=0. (D.30)

In the general case of a compressible material, the divergence of the displacement field
is not zero:

V-u#0. (D.31)
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FUNCTION

D.4.2 Boundary conditions

Following the calculation path given in Chap. 3, we first describe the free interface. For
times t < 0, we suppose that the gel is in the undeformed reference state with strain-
and stress-free conditions. For t = 0, an axisymmetric pressure field p(r) is applied on
the surface. At the interface i.e. z = 0 in the reference state), the stress boundary
condition is therefore given in Eq. (3.10), by:

o-e, =—p(re;, (D.32)

where 0(r) denotes the Dirac distribution. At the interface with the substrate, located
at z = —7, we consider that the elastic layer is fixed to the rigid boundary. Thus, the
displacement field is set at zero, as expressed by Eq. (3.14), which reads:

u(z=-7)=0. (D.33)

D.4.3 Resolution
D.4.3.1 Expression in terms of potential functions

We follow the same calculation path as in Chapter 3. Then, we introduce the same
displacement functions A(r, z,t) and B(r, z,t), defined in Eq. (3.16), as:

0A 0B
Up = ZE E, (D34a)
0A 0B

and that satisfy the following equations:

VA =0, (D.35a)
VZB=V-u, (D.35b)
0A 1—v
el . D.
5z 1wy W (D-35¢)
VB =0. (D.35d)
Using Egs. (D.35), we can write a last one that links A and B:
0A 1—-v _,
el B =0. D.
0z 1-— 21/V 0 (D-36)

Using Eqgs. (D.27), (D.34) and (D.35), we recall the components of the stress tensor, as
given in Egs. (3.19), by:

0’A  0A 9’°B

Opyr = 2G <267‘2 - g + W - AB) 5 (DS?&)
?A 0A O’B

O'ZZ—2G <2622_62+0Z2_AB> 5 (D37b)
0’B 0?A

ory = 2G (87‘82’ + 2828r> . (D.37¢)

171



APPENDIX D. GREEN’S FUNCTIONS

D.4.3.2 Mathematical transforms

As in Chapter. 3, we reconsider the problem in the spectral domain. We recall the
Hankel transform, introduced by Eq. (3.20), which reads:

~ oo
X(s) = / dr X (r,)rd;(s7), (D.38)
0
with j € {0, 1} being the order of the Hankel transform in space. By applying Eq. (D.38)

on Egs. (D.35), we get the following ordinary differential equations on the transformed
potentials A(s, z) and B(s, 2):

9? X

( - 52> A=0, (D.39a)
9? 2

( - 32> B=0. (D.39b)

For clarity, we write the expressions of the transformed components of the displacement
field and the stress tensor, as:

fis = szA + sB, (D.40a)
fi, = z%j — A+ Cf, (D.40b)
Gsr = szgil + Sa&f’ (D.40c¢)
Gan = 222; + @if e ) 8;;;. (D.40d)

Finally, the transformed Eq. (D.36) reads:

DA 1-v (8B .
—+—— == —-s"B| =0. D.41

8z+1—2u<822 s ) 0 ( )
D.4.3.3 Solutions for a finite-size layer

The solutions to Egs. (D.39) read:

5% 4+ age™ %%, (D.42a)
B = (by + 2b2)e’* 4 (b3 + zby)e 2, (D.42b)
where a1, az, b1, ba, b3, by are integration constants, that depend on the spectral variable s.

Combining Egs. (D.41) and (D.42)), we derive the following expressions of the integration
constants a1 and ao:

1—v

= -2 D.4
ai 1_ 2yb2a ( 3&)
1—v
= -2 b D.43b
a 1_ 92y 4, ( 3 )

which reduces the problem from 6 to 4 integration constants to solve. We use an auxiliary
function as introduced in Chapter 3, which reads:

¢ = sT. (D.44)
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FUNCTION

Then, combining the transformed stress tensor and displacement field given in Eqs. (D.40),
together with the boundary conditions given in Egs. (D.32) and (D.33), we obtain:

Gs2(8,2=0,9) = 0 =2G[s(by —b3) + ba + b4], (D.45a)
2(1 —
6.2(s,2=0,q) = —p(s) =2G's [s(bl +b3) + 1(_2llj)(b2 - b4)] , (D.45b)

Us(s,z=—-71)= 0 =s {ble_C + b3€C:| + T _C [bze_C + b4e<} , (D.45c¢)

14

1
Uy(s,z=—-1)= 0 =s {ble_C - bgec} + . [(3 —4v 4 ()bge™¢

14

+(3 = 4v — Qbact| . (D.45d)

Equations (D.45) can be written under the form of a matrix equation, with division by
the factors 2G and 2Gs, on the first two lines, respectively, as:

0 s 1 -5 1 by
p(s) 2(1—v) 2(1—v)
S D R b2 | (D.46)
0 se =5, € se T=5,€ bs
0 se~¢ %6_‘: —seS 3;2—@‘64 by

Using the formal calculation software Mathematica, the four coefficients by, b, bs, by are
computed, then, the two a — 1, and as. The vertical displacement field 4@, is computed.
By taking the opposite of its value in z = 0, we obtain the deformation profile of a
finite-size, purely elastic and compressible layer, as:

~comp — 4 — _ ﬁ(s)(l — V) 2C — (4’/ — 3) Slnh(?C)
wr(s) = ~ia(s,2=0) Gs  5+4v(2v —3) + 22 — (4v — 3) cosh(2()
(D.47)
and the Green’s function of the problem reads:
Geomp () — 1-v 2¢ — (4v — 3) sinh(2() (D.48)

Gs 5+ 4v(2v —3) +2¢? — (4v — 3) cosh(2¢)’

as given in Eq. (3.45) and in [203], and derived in [212].
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Appendix E

Mechanical response of a thick
poroelastic gel in contactless
colloidal-probe rheology

In this section we reproduce the published work from which Chapters. 3| and |4 are
inspired [251], for reference.
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When a rigid object approaches a soft material
in a viscous fluid, hydrodynamic stresses arise
in the lubricated contact region and deform the
soft material. The elastic deformation modifies in
turn the flow, hence generating a soft-lubrication
coupling. Moreover, soft elastomers and gels are
often porous. These materials may be filled with
solvent or uncrosslinked polymer chains, and might
be permeable to the surrounding fluid, which further
complexifies the description. Here, we derive the
point-force response of a semi-infinite and permeable
poroelastic substrate. Then, we use this fundamental
solution in order to address the specific poroelastic
lubrication coupling associated with contactless
colloidal-probe methods. In particular, we derive
the conservative and dissipative components of the
force associated with the oscillating vertical motion
of a sphere close to the poroelastic substrate. Our
results may be relevant for dynamic surface force
apparatus and contactless colloidal-probe atomic
force microscopy experiments on soft, living and/or
fragile materials, such as swollen hydrogels and
biological membranes.
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1. Introduction

Modern synthesis techniques and observation methods at small scales have fostered intense
research activity on soft materials and their interfaces [1]. Many of these materials are elastomers
and gels, deform considerably under small stress, and are commonly found in biological and
technological systems. Stimuli-responsive hydrogels, for example, are candidate materials in
novel devices for the detection of diseases by isolation of cells [2]. Elastomers and gels are
typically made of synthetic or natural polymers that are crossed-linked to form a network. When
immersed in a favourable solvent, the polymer matrix swells as described by Flory—Huggins
theory [3,4]. For such gels, the material may eventually contain a large proportion of solvent
molecules with a volume increase up to a factor five, for example [5], or more.

Solvent molecules inside a gel can diffuse through the inter-chain regions of the polymer
matrix. Therefore, when a load is applied to a gel, material deformations are time-dependent.
This dynamic response arises since the chains are restrained from unbounded displacements by
elasticity while the solvent motion implies viscous dissipation. The latter mechanism is called
poroelasticity, which has been extensively used to describe the mechanical properties of gels. The
first poroelastic theory was introduced by Biot to model the consolidation of soils [6]. Since then,
additional features have been added such as nonlinear elasticity [7,8], viscoelasticity [9] or surface
stresses [10-12], and instabilities have been considered [13]. Notably, the mechanical response of
a gel depends on the interactions between the gel and its environment. If the gel is indented by
a rigid object, as in the emblematic example of contact mechanics [14-19], solvent molecules do
not flow across the interface between the gel and the indenter, which is thus impermeable. By
contrast, if the gel is immersed in its own solvent, then the solvent molecules can be transported
across the gel-solvent interface, which is thus permeable. In the case of a spherical indenter
in contact with the probed gel, impermeability should be considered in the central contact
region while permeability should be considered in the coronal, contact-free region around the
indenter.

In addition to the permeability boundary condition above, when a rigid object moves in
a viscous fluid near a soft surface, it generates hydrodynamic stresses [20] that, despite the
lack of direct contact, may deform the soft surface. In turn, the deformation of the soft surface
modifies the flow which generates so-called soft-lubrication couplings, that are at the heart of the
recent development of gentle, contactless rheological methods for soft materials [21-29]. These
methods have been employed to measure the rheology of diverse surfaces such as elastomers
[30], gels [31,32], glasses [33], living cells [34] and liquid—air interfaces with impurities [35,36].
They typically involve colloidal-probe atomic force microscopy [37,38], dynamical surface force
apparati [39—41] or tuning-fork microscopes [42]. The underlying principle involves driving a
spherical probe near a soft surface of interest (see figure 1b), and to combine the measured force
and the soft-lubrication model in order to infer the material rheology.

Another interesting aspect of soft-lubrication couplings is the emergence of inertial-like forces
at zero Reynolds number, such as the lift force for transverse driving [43-52]. As a direct
consequence, the effective friction between two objects in respective sliding motion can be
strongly reduced [53-56], as compared to the classical rigid lubrication case. This might have
important practical implications, in physiology for instance, since the friction between bones in
mammalian joints [57,58] may be strongly reduced through the presence of poroelastic cartilages
between the solid bones and the synovial lubricant. In the same way, the wet contact between the
eyelid and the eyeball is complemented by a stratification of polymer-like and gel-like layers, that
may offer better sliding when blinking [59].

Despite the above interest in soft materials and their rheology measured from contactless
methods, it is interesting to realize that only simple linear elastic-like constitutive responses have
been addressed in the context of soft-lubrication theory. While the effects of viscoelasticity have
been recently investigated in more detail [60-62], the effects of poroelasticity remain scarcely
and partially addressed [63-65] and certainly at a too basic level to address the more complex
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Figure 1. Semi-infinite permeable poroelastic medium deformed by two different external axisymmetric pressure fields. (a)
A point-force pressure field P(r, t) = Fy4(r) is suddenly applied at t = 0 on the poroelastic substrate, and generates a surface
deformation w(r, t). The latter is directly related to the Green’s function G(r, t). We denote G, v and k, the effective shear elastic
modulus, effective Poisson ratio and porosity of the substrate, respectively, as well as ) the viscosity of the solvent flowing in the
porous material. (b) In contactless colloidal-probe rheological methods, a micrometric sphere is oscillating at angular frequency
w normally to the substrate in a liquid (identical to the solvent in the gel here) of dynamic shear viscosity ) and density p. The
hydrodynamic lubrication pressure field P(r, t) generated by the associated flow deforms the gel surface, leading to a deformed
liquid-gap profile h(r, t).

and subtle responses of nonlinear functionalized materials [66]. Early works on purely porous
substrates suggest an equivalent description involving effective slippage at the interface, with
either the slip length considered to be on the order of the pore size [67], or a full slip boundary
condition [68], while more recent work suggests a key role of the permeability boundary
conditions [69].

In this article, in view of the identified gap in the literature noted above, we derive a model
to characterize the mechanical response of thick poroelastic gels in the framework of contactless
colloidal-probe rheological methods. Since we are interested in describing gels in contact with
a reservoir of solvent, a full permeability boundary condition at the gel-solvent interface is
considered. Our focus contrasts with a previous study in the impermeable case [10,70], that is
more relevant to methods involving direct solid contact. In the first part, we obtain the surface
deformation of a semi-infinite, permeable, poroelastic layer under the action of an arbitrary
pressure field. We use the formalism of Green’s functions in axisymmetric conditions, as was
done for purely elastic media in the context of soft lubrication [24,25,29,71,72], or for a poroelastic
but impermeable soft substrate [10]. In the second part, we apply this formalism to the canonical
situation for contactless colloidal-probe rheology, namely the soft-lubricated motion of a sphere
oscillating vertically near a poroelastic gel, and we characterize the substrate deformation and
resulting normal force in detail.

2. Mechanical response to an external pressure field

(a) Linear poroelastic theory

The considered system is shown in figure 1a. It consists of a gel that occupies the half-space
defined by z < 0. We suppose that the mechanics of the gel is described by the linear poroelastic
theory. As mentioned in the introduction, this model was first established by Biot [6], and was
adapted to model the migration of solvent in elastomeric gels [10,15,70]. We take as a reference
state a swollen gel, with a homogeneous solvent concentration cy, and where the chemical
potential of the solvent inside the gel is (. The elastic deformation of the gel is characterized by
the strain tensor €. The latter is defined as the symmetric part of the displacement field gradient
tensor, as

€= %[Vu +(vu)T], (2.1)
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where u denotes the displacement field with respect to the reference state. The solvent mass being
conserved, the molar concentration c satisfies the continuity equation:

ac
— +V-J=0, 2.2
TVl (22)

where the flux of solvent inside the gel is denoted J. The linear poroelastic theory assumes that
the solvent flow is driven by the gradient of solvent chemical potential 11, through the Darcy law:

k
]:—(W)VM. (2.3)

Here, n and §2 are the viscosity and molecular volume of the solvent, respectively, and k is the
permeability that is on the order of the pore surface area of the swollen polymeric network—
but with a prefactor depending on the specific network architecture. The solvent and the polymer
network are both supposed to be incompressible. As a consequence, the local variations of volume
of the polymer network are due to the local changes in solvent concentration, which sets the
condition:

Tr(e) =V -u=1(c—¢p)$2, (2.4)

where Tr is the trace. As discussed in [17], we expect that the free energy density U of the gel
is a function of the strain tensor and the concentration field. The work done on a gel element is
given by 8U = ojid¢€;; + (v — po)dc, where o is the mechanical stress tensor. Nevertheless, because
of the incompressibility condition in equation (2.4), the solvent concentration is no longer an
independent variable, and the free energy density only depends on strain. The latter is supposed
to follow the standard linear-elastic energy density, i.e. i/ = G[e : € + (v/(1 — 2v))Tr%(€)], where G
and v are the effective shear elastic modulus and Poisson ratio at equilibrium, respectively. The
stress tensor is then given by [17]

v
1—-2v
where I is the identity tensor. The difference in chemical potentials per molecular volume
appears as a hydrostatic pressure, often called pore pressure, and is obtained by enforcing
the incompressibility condition with a Lagrange multiplier. In the absence of body force, the
mechanical equilibrium is expressed by Navier’s closure equation:

Tr(e)I] . %

U:ZGF+— I, (2.5)

V.5=0. (2.6)

Combining the two last equations leads to:

G [ v?
( 4“1,

Vie— Co)) = V(i — o). (2.7)
Invoking equation (2.3), equations (2.2), (2.4) and (2.7) form a closed system of five equations for
the five fields u, ¢ and the three components of u. Combining the latter equations reduces the
problem to a set of two coupled equations on the concentration field ¢ and chemical potential u,
as

V2 [(M ) — 2622 - co):| —0 (2.84)
1—-2v
and ” .
T DpeV-e, (2.8b)
where we have introduced an effective, poroelastic diffusion coefficient
Dye = 2 1(1__2:) %k 2.9)

Equation (2.8a) couples the chemical potential with the concentration, as the flow of solvent is
driven by gradients of chemical potential (or equivalently, gradients of pore pressure). Equation
(2.8b) describes the diffusion of solvent through the porous matrix, with Dpe of equation (2.9)
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constructed using macroscopic material parameters. An osmotic modulus, 2(1 —v)/(1 —2v),
arises in the expression of the diffusion coefficient Dpe. We note lastly, however, that even
while Dpe is constructed from these macroscopic parameters, one can recover a molecular-
scale diffusion coefficient. To make the correspondence, we use the Stokes-Einstein relation for
molecular diffusion, D, ~kgT/(na), with kT and a~ 2173 the thermal energy and monomer
size, respectively. Estimating furthermore the typical polymeric modulus G~ kgT/(Na>), and
the permeability k ~ Na?, where N is a typical number of monomers between crosslinks in the
network, we find Dpe ~ D), upon substitution into equation (2.9).

(b) Point-force driving

We now derive the response of the gel to a spatially delta-distributed force density applied to
the surface of the gel. Prior to the application of such a force, i.e. for times t <0, we suppose that
the gel is in the (swollen) reference state with strain- and stress-free conditions. For t > 0, a point-
force pressure source of magnitude Fy is suddenly applied on the surface. This forcing drives a
deformation of the gel surface, and solvent flow within the polymer matrix. At the interface (i.e.
z =0 in the reference state), the stress boundary condition is, therefore, given by

o -e;,=—Fys(r)H(t)e, (2.10)

where H(t) denotes the Heaviside step function and 4(r) the Dirac distribution.

In the limit z — —o0, the stress and strain fields vanish and the solvent concentration field
reaches its reference equilibrium value cp. At infinitesimally small times after the point force has
been applied, the solvent did not have time to flow, so that the solvent concentration is the same
astheone att <0, ie.:

c(r,z,t =0) = cyp. (2.11)

We suppose that the gel is in contact with a reservoir of solvent molecules, which sets the surface
chemical potential to the reference equilibrium value 1. Such a permeability condition allows for
solvent exchange between the gel and the outer reservoir, and is relevant to situations where the
gel is immersed in a liquid phase (e.g. its own solvent) with some affinity between the two. Thus,
the boundary condition on the chemical potential at the undeformed interface of the gel reads:

,LL(T’,Z = 0/ t) = Mo- (212)

(i) Resolution

To determine the surface deformation w(r, t) associated with the pressure source of equation (2.10)
(see figure 1a), we follow the method introduced by Liu et al. [11], McNamme & Gibson [73,74]
and Gibson et al. [75]. The key ingredient of that method is the introduction of two displacement
potentials A(r, z,t) and B(r, z, t), defined by

0A 0B
4

=z— 4+ — 2.13
== ar ar (2.139)
and A 0B
U,=z——A+ —, (2.13b)
0z 0z
and that satisfy the following equations:
VZA=0, (2.14a)
V2B = 2(c — cp), (2.14b)
0A 1-—
26222 = (1 — no) — 2622 ——2(c = ¢p) (2.14¢)
0z 1—-2v
and )
oV~“B
=DpeV*B. (2.14d)

ot
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Substituting the strain tensor € in equation (2.5), using equations (2.1) and (2.4), the stress tensor
o can be written as a function of p, ¢ and u. Using then equations (2.13), (2.14b) and (2.14c), the
stress tensor can be expressed as a function of A and B, as

A 9A  0°B
Oypr =2G (Zﬁ — E + ﬁ — AB) ’ (2150)

2A  9A  9’B
Ozz = 2G <Z_322 — E + _322 — AB) (215b)
and
9?B 92A
=2 —_— — . 2.1
arz G (81’82 +Zazar> (2.15¢)

We note that azimuthal stresses and displacements have not been considered here, given the
axisymmetry of the problem.

To solve equation (2.14b), we reconsider the problem in the spectral domain. Specifically, we
use the Hankel transform of zeroth order in space and the Laplace transform in time. In such a
framework, a given field X(r, t) is transformed into:

N (0.8] o0
X(s,q) = J dte J dr X(r, t)r]o(sr), (2.16)
0 0
where | is the Bessel function of the first kind and zeroth order. The inversion formula reads:
1 y+ioco 00 R
X(r f) = —— J dgett J ds X(s, 4)sJo(s1), 2.17)
2ri y —ioco 0

where the inverse Laplace transform is written using the Bromwich integral. Then, expressing
equation (2.14b) in the spectral domain and invoking the initial condition V2B(r,z,0) =0, we get
the following ordinary differential equations on the transformed potentials A(s, z, ) and B (s,z,q):

7 5\
(@—s )A:O (2.18)
and
(% P Dipe) (% - 52) B=o. (2.19)
The solutions to equations (2.18) and (2.19) that vanish at z — —oo read:
A =uaqe* (2.20a)
and
B =b1es? + bye*Vs 1/ Dpe, (2.200)

where a1, by, by are integration constants, that depend on the spectral variables s and 4. Expressing
the stress and chemical-potential boundary conditions of equations (2.10) and (2.12) in terms of
the potentials, we obtain:

Ge(s,2=0,q) =0 = —2Gs | bys + by [s2+ T |, 2.21a)
Dpe

F
622(5,2=0,0) = — 5 =2G[~a1s + (b1 + bp)s’] (2.21b)
2mq
and
1(5,2=0,0) — fip=0=2G2 | ~— b1 4 ays 2.21¢)
mis,z=9,q Mo =YU= 1— 2y ZDpe 15 - .

Solving equations (2.21), we obtain a1, b1 and b».
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(i) Results and discussion

Having solved the poroelastic problem equations (2.8)—(2.12) for the potentials A, B defined in
the previous section, we find the surface normal deformation of the gel w(s, q) = —il;(s,z=0, ) in
reciprocal space (see equation (2.16)) by invoking equation (2.13b), as

Fo 1

w(s,q) = C , (2.22)
TS 1 A(DpeSZ/Q)(l -1+ (Q/DpeSZ))
where the Poisson ratio appears in the compressiblity factor
Az (2.23)
1-v

We first note that if the gel is nearly incompressible, i.e. as v — 1/2, then A — 0 and the
poroelasticity does not affect the surface deformation as revealed in equation (2.22). In such a
case, the poroelastic medium responds as a purely elastic and incompressible one, at all times.
Similarly, if the permeability is small, i.e. as k — 0, the diffusion constant Dpe of the solvent
vanishes and the medium again behaves as an incompressible elastic material. In the opposite
limit of large permeability, the solvent can diffuse almost instantaneously and the stress is
immediately relaxed, so that the response is one of a compressible elastic material at all times.

In figure 24 is shown (s, q) plotted as a function of s for various 4. We choose a value v =0.1, a
typical value for swollen gels and giving finite A. The vertical normalization is chosen such that
dimensionless values of s and g were used, length is normalized by v/Fo/G and time by Fo/(GDpe).
The results show parallel power-law decays in the small- and large-s limits, with a larger prefactor
for large s (small distance). To explain this observation, we explore the temporal asymptotics of
the governing equation (2.22). The initial and final value theorems can be used in the short- and
long-time limits of the surface deformation. We thus find:

. . Fo
—0MN =T —
w(s,t=0 )_qlgg\o qu(s,q) = 12 Cs (2.24a)
and Fo(l  v)
(s, t = lim gd(s,q) = =~ 2.24b
w(s, t — o0) L, qus,q) = — = (2.24b)
leading to the deformation in real space:
w(r,t=0") = Fo _ wMCO™P () (2.25a)
’ 4 Gr ’
and ol
wir, t— o0y = L0 =Y _compyy (2.25b)
2w Gr

Thus for both short and long times, we find spectral power-law decays of the surface deformation.
The former expression is the point-force solution of a purely elastic, incompressible and semi-
infinite medium of shear modulus G, denoted w"°™P(r). At long times, we have the point-force
solution of a purely elastic and semi-infinite medium of shear modulus G and Poisson ratio v,
denoted w*°™P(r). Equations (2.24) are plotted using dashed lines in figure 2a. These expressions
thus form a link between poroelastic and elastic materials [45,76]: at large distances (small s),
the solvent has no time to flow inside the porous matrix and the response is elastic-like, with an
incompressibility condition due to the liquid fraction. At small distances (large s), the solvent does
not flow anymore and the response recovers a steady elastic deformation, with compression (i.e.
a concentration change) as compared to the initial state. In between the two asymptotic regimes,
the surface deformation smoothly changes from the short-time (incompressible) to the long-time
(compressible) elastic-like behaviours, as shown with blue lines and using finite g in figure 2a.

To connect the asymptotic inverse space and time responses, we note in equation (2.22) that at
fixed A, a natural variable is an inverse, dimensionless diffusive one Dpes2 /q. This is expected
since the solvent concentration follows a diffusive-like law with a diffusion constant Dpe. In
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Figure 2. Surface deformationinduced by a point-force pressure source in Hankel—Laplace space. (a) Dimensionless, reciprocal-
space surface deformation (s, g) as computed from equation (2.22), as a function of the scaled spatial frequency, s, for various
temporal frequencies, g, normalized by D,.G/Fy, using v = 0.1. The orange and red dashed lines correspond to equations
(2.24a) and (2.24b), respectively. (b) Normalized surface deformation in reciprocal space W(s, g), as a function of the variable
Dpes2 /q, forv = 0.1, as computed from equation (2.22). The orange and red dashed lines as described in (a).

figure 2b, we thus plot the normalized surface deformation in reciprocal space, as a function of the
normalized diffusive variable, having fixed the Poisson ratio and for the same g noted in figure 2b.
Given the normalization and the form of equation (2.22), we find that a single curve describes the
response in reciprocal space. Interpreting the response physically, we note that when the gel starts
to be indented, it first exhibits an incompressible elastic-like response, as discussed above. Later,
at a given time ¢, the solvent and stress have typically diffused over a radial distance rc ~ /Dpet,
giving a self-similar curve in reciprocal space.

To have a direct view on the spatial and temporal relaxations described above for reciprocal
space, the inverse Laplace transform of equation (2.22) was numerically computed using the
Talbot algorithm [77]. The inverse Hankel transform was computed with Riemann summation
over a finite spectral domain. Numerical oscillations were first reduced by increasing the domain
size and reducing the space step, in the limit of a reasonable computational time. Residual
oscillations were then smoothed using a Savitzky—Golay filter of order 3 on a window of 9 points
over the total 200 000 used in the linear discretization of the 7, s axes. The results are presented in
figure 3a, where the deformation in real space is plotted as a function of the radial coordinate for
various times. For r < r. noted in the previous paragraph, the gel state has essentially relaxed
and the response is compressible (red dashed line), while for r >r. the state and response
are not modified with respect to the initial, incompressible elastic ones (orange dashed line).
The transitions between compressible and incompressible deformations are also elucidated in
the logarithmic representation of the data shown in the inset, where the short- and long-time
asymptotic relaxations are shown.

In figure 3b, we quantitatively show the gel’s relaxation to its final state, plotting the difference
of the data in figure 3a with that of the asymptotic late-time limit in equation (2.25b) as a function
of the radial coordinate. A continuous decay toward the late-time value is observed for all radii.
Taking a few examples, we show in the inset of figure 3b the temporal decay toward the final
state for the three radii noted by vertical dashed lines in the main part of the figure. For early
times, we note a plateau at a value Fo(1 — 2v)/(47G), corresponding to the difference between
the two asymptotic limits in equation (2.25). Remarkably, a temporal power law with exponent
—1/2, characteristic of a diffusive process, is reached for all the radii at long times. In appendix A,
the late-time t~1/2 asymptotic power-law decay is demonstrated by expanding equation (2.22) at
small g and transforming to real space. The intercept between the asymptotic decay law and the
initial plateau value indicates its typical duration time, that scales with the diffusion time 72/ Dpe.

Lastly, we note that in appendix B we compare the results of the present permeable description
to the case of an impermeable surface. For the impermeable case, the solvent flux vanishes at the
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Figure 3. Surface deformation induced by a point-force pressure source. (@) Normalized surface deformation as a function
of the radial coordinate, for the times noted in the legend, as computed from the inverse transform of equation (2.22) and
using v = 0.1. The orange and red dashed lines correspond to the asymptotic limits in equations (2.25). The inset shows the
same data on logarithmic scales. (b) Difference w*°™P(r) — w(r, t) (normalized) between the surface deformation of a purely
elastic compressible material (see equation (2.25b)) and the one of the poroelastic material, as a function of normalized radial
coordinate, for the dimensionless times noted in the legend. The inset shows the same data, but as a function of time and for
various radial positions (corresponding to the vertical dashed green lines in the main panel), using logarithmic scales. The —1/2
exponent of the asymptotic power-law behaviour is discussed in appendix A.

interface. This alternative boundary condition is relevant when the gel is not in contact with its
own liquid solvent. Such a situation arises when a gel is indented by a rigid object [14-19], as well
as in some configurations of soft wetting [10,78]. The surface deformations are found to adopt
qualitatively similar shapes in the permeable and impermeable cases. However, the respective
behaviours quantitatively differ, and the stress relaxation is in particular faster in the permeable
case, due to the allowed exchange of solvent with the outer reservoir.

(c) Solution for an arbitrary pressure field

In real systems, gels are indented with probes that have finite size [16-19]. In these cases,
the external load is not a point force, and the outer pressure field has a finite spatial extent.
Additionally, the outer pressure field may exhibit temporal variations. Since the above model
only involves linear operators, we can apply the superposition principle. Henceforth, the surface
deformation generated by an arbitrary time-dependent and space-dependent pressure field p(r, t)
is given by the convolution:

t
w(r, t) = J dt’ JRZ A G(lr — 7/, t — ) p(t, 1), (2.26)

where G is the Green’s function of the problem, which is the surface deformation induced by a
point force 8(r)é(t). The latter is directly related to equation (2.22), through:

A 1 1
G(s,q) = , (2.27)
4rGs 1 4 ADPTESZ(l — /14 (q/Dpes?))
and the inverse transform:
1 y+ioco [e's) R
G(r, ) = — J dg eth ds G(s, 9)sTo(s)- (2.28)
2im y —ioco 0
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3. Application to contactless colloidal-probe rheology

In this section, we apply the general results of the previous one for a specific outer pressure field
that is relevant to contactless colloidal-probe rheological methods. Specifically, we focus on the
elastohydrodynamic coupling between a rigid sphere of radius R and a semi-infinite permeable
poroelastic medium. For this purpose, we invoke the linear-response theory introduced by
Leroy & Charlaix [22], and widely used in contactless measurements of the mechanical properties
of soft surfaces [30-34,36,42].

(a) Soft-lubrication approximation

The above-mentioned sphere is placed at a distance D from the undeformed gel surface and
oscillates vertically with angular frequency w and amplitude hg, as schematized in figure 1b.
The ensemble is fully immersed in a Newtonian fluid (identical to the solvent in the gel here) of
dynamic shear viscosity n and density p. We suppose that the sphere-plane distance is small with
respect to the sphere radius, and can thus invoke the lubrication approximation [20]. The sphere
profile can be approximated by a parabola in the lubricated contact region, and the liquid-film
thickness profile is thus given by

2

h(r, £) ~ D + hg cos(wf) + w(r, £) + ZT—R

(3.1)
The Reynolds number is assumed to be small, so that the flow is laminar. Furthermore, we
suppose that the typical viscous penetration depth /n/(pw) is large compared to the liquid-
gap thickness. Therefore, the flow can be described by the steady Stokes equations with no-slip
boundary conditions at both the sphere and gel surfaces. This latter condition is assumed for
simplicity since the typical slip length at poroelastic surfaces is comparable to the pore size ~ vk
[67,69], which is normally nanometric.
The liquid-film thickness profile follows the axisymmetric thin-film equation [79]:

on_ 1 0 1,a0 , (3.2)
ot  12nr or ar

where p is the excess pressure field in the liquid with respect to the atmospheric pressure. In the
lubrication approximation, the viscous shear stresses are negligible compared to the pressure.
Therefore, the force balance at the gel surface takes the same form as in §2, and the surface
deformation profile can be computed from equation (2.26).

(b) Linear-response theory

Following [22], we suppose that the oscillation amplitude is much smaller than the liquid-gap
thickness. Hence, we invoke the linear-response theory, and write the fields as

w(r, ) =Relw* ('], p(r,t) =Relp*(ne"'], (3.3)
where * indicates complex variables, i> = —1, and Re is the real part. Equation (3.2) is then
linearized, giving:

1 d 2 \3 dp*
iw(h )=—=——|r|D+ == . 4
1a)(o+w) 12nr dr |:r( +2R> dr:| (34)

Using the solution derived in §2c, we can obtain the surface deformation by injecting equation
(3.3) into equation (2.26). The amplitude of the surface deformation in Hankel space reads:

. N A p* 1
@*(5) = P67 (5) = )

265 1~ iA(Dpes/)(1— 1+ (i Dpes?) )

(3.5)
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with:

o0

w*(s) =J

drw*(r)rJo(sr) and ;Aa*(s)=J'oO drp*(r)r Jo(sr). (3.6)
0 0

Note that, in contrast to §2, the " symbol now only refers to the Hankel transform, since there
is no time dependence on the amplitudes and thus no Laplace transform. From equation (3.1),
the contact length v2RD—i.e. the so-called hydrodynamic radius—sets a typical horizontal
length scale. Besides, h sets a typical vertical length scale. Thus, we introduce the following
dimensionless variables:

o W)
r_@, S=sv2RD, w*(r)= P (3.7)

From the horizontal projection of the Stokes equation, and the incompressibility condition, we
find that the typical lubrication pressure scale is 27Rwhg/D?. Thus, we introduce the following
dimensionless pressure field:

e D?p*(1)
*(7) —
Injecting these new variables in equation (3.2), the dimensionless thin-film equation results:
. 1 dJ. »\3dp*
i(1+@%) = —— |F(1+7 : :
M +@) 12?d?[r< +7) d?] 63)

Finally, we introduce two characteristic parameters. First, the critical distance at which the surface
deformation and sphere oscillation amplitude are of the same order:

2/3
_ e
D. = 8R(2G) . (3.10)

Second, the critical poroelastic angular frequency at which solvent typically diffuses over the
contact length at the critical distance during one oscillation:

2/3
D Dpe 2G
We = e = P ( ) . (3.11)

T 2RD.  16R2\ nw

(c) Deformation profile and normal force

Using the dimensionless variables and critical parameters above, we can write equation (3.5) in
dimensionless form, as
R =% D./D)3/2
8 1-1A@/(@D/(@D))(1 - Y1+ (@D/(@D)/?)

Moreover, the amplitude F* of the vertical elastohydrodynamic force exerted on the sphere is
obtained by integrating the amplitude of the lubrication pressure field over the surface, as
00 2 00
F* =sz drrp(r) = SR o Gitn B = &J dF 7 (), (3.13)
0 Dc D Jo
where we have noted the dimensionless force ﬁ*, which depends on the dimensionless
parameters, D/D., w/w. and A.

Equations (3.9) and (3.12) can be solved numerically, as detailed in appendix C. Examples of the
obtained surface deformation field are plotted in figure 4a for various sphere-substrate distances.
In a contactless colloidal-probe rheological experiment; however, it is not the deformation
amplitude that is typically measured. Rather, the sampled surface slowly approaches the
oscillating spherical probe using a piezo stage, with the typical experimental outputs being the
measured force amplitude and phase as functions of the sphere-substrate distance. The other
parameters are kept constant. From the amplitude and phase, the real and imaginary components
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Figure 4. Mechanical response of a poroelastic gel in the contactless colloidal-probe configuration. (a) Normalized amplitude
w* /hy of the surface deformation profile as a function of the rescaled radial coordinate r /+/2RD, for various normalized sphere-
substrate distances, as computed from equation (3.12) with @ /w. = 1and v = 0.1. (b) Real (pink) and imaginary (green)
parts of the normalized force F*D.. / (87t newhoR?) exerted on the spherical probe as functions of normalized sphere-substrate
distance, for various reduced anqular frequencies w / w,, as computed from equation (3.13) with v = 0.1. The vertical dashed
blue lines correspond to the distances at which the surface deformation profiles are plotted in (a). The zoomed inset shows in
addition the purely elastic incompressible case (orange) and the purely elastic compressible case (red).

of the complex force can be evaluated. These force components can be evaluated theoretically
using equation (3.13), while the amplitude of the pressure field can also be obtained numerically.

Therefore, in figure 4b, we plot the dimensionless force amplitudes as a function of the
dimensionless distance, for various oscillation angular frequencies. Two regimes can be observed.
At large distance, i.e. D/D. > 1, the surface deformation is small with respect to the oscillation
amplitude (see figure 4a). As a result, the elastohydrodynamic coupling is weak, and the force
is dominated by the viscous dissipation in the liquid film. In the far-field asymptotic regime,
we recover the classical lubrication Stokes drag F* = —6in nR*hgw/D, which can be obtained by
integrating equation (3.2) in the absence of substrate deformation. The real part of the force
amplitude in the far field is much smaller than the imaginary part, but it displays a signature of
the elasticity of the substrate through an asymptotic decay with the distance as ~ (D/D.)~>/?. The
exact prefactor of this scaling law can be obtained by expanding the solution in (D./D) [22,36]. At
small distance, i.e. D/D. < 1, the substrate deformation saturates and scales with the oscillation
amplitude (see figure 4a). As a consequence, the real and imaginary parts of the force amplitude
saturate as well to values that do not depend on the distance. Besides, at all distances (see e.g.
inset of figure 4b, at large distance), we recover the qualitative feature discussed in the previous
part: at small frequency, the elastohydrodynamic coupling is similar to that of a purely elastic
compressible layer; conversely, at large frequency, the elastohydrodynamic coupling is similar to
the one of a purely elastic incompressible layer.

Finally, in these rescaled variables, we observe a small influence of the solvent diffusion in the
gel on the elastohydrodynamic coupling, despite the diffusion constant being varied over 4 orders
of magnitude (via the critical frequency). Therefore, from our model, it appears that contactless
colloidal-probe rheological methods in the linear-response regime are not appropriate to robustly
measure the effects of the solvent diffusion through the gel network. By contrast, such methods
appear to be well suited for measuring the effective shear elastic moduli and Poisson ratios of
gels.

4. Conclusion

We theoretically addressed the mechanical response of a semi-infinite and permeable, linear
poroelastic substrate to an external axisymmetric pressure field. The point-force response was first
computed. By convolution of the latter to any outer pressure field, the surface deformation profile
can be computed. Motivated by the recent development of contactless colloidal-probe rheological
experiments on soft and complex materials, we applied our general results to the specific case
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of a sphere oscillating vertically near a gel, within an outer fluid identical to the solvent present
in the polymeric matrix. The complex amplitude of the force exerted on the spherical probe was
numerically computed and studied. As a result, contactless colloidal-probe methods in the linear-
response regime appear as good candidates to robustly measure the effective elastic properties
of gels and biological membranes, without risks of wear and adhesion. Going beyond linear
response, and incorporating large deformations as well as a polymeric description of the gel
architecture seem to be the next steps towards modelling further the complex response of gels
and measuring their specific poroelastic behaviours.
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Appendix A. Long-term asymptotic deformation

In order to rationalize the +~1/2 power law observed in the inset of figure 3b, the point-force
solution obtained in the main text, equation (2.22), can be expanded at small temporal frequency
q (or similarly at large time t), as

N Fo 1
w(s, q) ~
7 4mGsq 1+ (1 —2v)/(1 = v))(Dpes?/q)(1 — [1 + (1/2)(q/s*Dpe) — (1/8)(q/5*Dpe)?])
Fo(1 —v) 1
= ) Al
2nGsg 14 ((1 — 2v)q/4Dpesz) &b
Taking the inverse Laplace transform, we get:
.. _Fy(l—v) 4Dpets?
w(s, t)~ PTeR |:1 exp ( T2y . (A2)
Finally taking the inverse Hankel transform, we get:
(e, Fol—) |, r . ( (1— 2v)r2> exp ( 1- 21))1’2)
L) = - ol — -
2w Gr \/Dpet/ﬂ'(l _ 21)) 32Dpet 32Dpet

_Fo(l—v) Fo(l—v)/d 20 (A3)
= 2xGr 27G,/T6Dpet

where I is a modified Bessel function of the first kind, of order 0, and the last expansion is
obtained by taking the long-time limit. The first term of the right-hand side gives the purely
elastic and compressible response of the material at long time. The second term corresponds to
the long-term correction to the latter, as plotted in figure 3b. The decay does not depend on r and
scales as ~ 1/,/Dpel, as recovered through the asymptotic —1/2 exponent in the inset of figure 3b.
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Figure 5. Comparison between the point-force solutions of the permeable and impermeable cases. (a) Normalized surface
deformation as a function of the radial coordinate at the noted time, using v = 0.1. Shown are the point-force solutions for
permeable and impermeable boundary conditions, computed from the inverse transforms of equations (2.22) and (B 2). The
orange and red dashed lines correspond to the inverse transforms of equations (2.24a) and (2.24b). The inset shows the same
data on logarithmic scales. (b) Relative difference between the surface deformation in the permeable and impermeable cases,
as a function of the radial coordinate, for the noted dimensionless times. The inset shows the same data in semi-logarithmic
scale.

Appendix B. Point-force solution foranimpermeable gel and comparison to the
permeable case

Here, we discuss the effect of surface permeability on the point-force response. In the model
presented in the main text, we assumed that the gel is in contact with a bath of its own solvent,
which fixes the chemical potential of the solvent at the surface to its reference value, at all times.
If the gel is in contact with another kind of medium (e.g. air, solid surface or immiscible liquid),
the description should be modified, and incorporate drying in particular. If one considers time
scales smaller than the drying time, we can neglect the solvent exchange at the interface. In that
case, we suppose the solvent flux vanishes at the surface, allowing us to impose the impermeable
boundary condition at z =0:

J - n= e _ 0. (B1)

0z

We can use the same method as the one used in the main text, in order to derive the point-force
response:

1

ﬁ)imper(sl q) — _ ’
2Gsq q 4 A(Dpes? /q)((l /(Y14 (/s Dpe))) — 1)

(B2)

where the superscript ‘imper’ stands for the impermeable condition. We thus recover the
solution derived in [10]. The diffusive-like self-similarity discussed in the main text also holds
here.

The point-force responses with impermeable and permeable boundary conditions are
compared in figure 5a. Both solutions appear to be qualitatively similar, and display the same
short-term and long-term behaviours. Nevertheless, at a given time ¢ = 0.1Fy/(GDpe), we observe
that the surface deformation in the impermeable case is smaller than the one in the permeable
case. Also, the permeable solution relaxes faster than the impermeable one towards the long-time
purely elastic compressible limit. Quantitatively, for a Poisson ratio v = 0.1, we observe a relative
difference between the two solutions up to 35%, where the maximum difference is located at a
radial position ~ m, as shown in figure 5b.
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Appendix C. Numerical computation of the normal force

Here, we detail how equations (3.9), (3.12) and (3.13) are numerically solved. All variables
are dimensionless in this section for simplicity and the ~ symbol is omitted. The normalized
deformation in reciprocal spaces reads according to equation (3.12):

() (D)
i (s) = B (B> G*(s) with G*(s) =

1
1-id o s (1 ~ 1+ ((ia)D/(a)ch))/sz)) '

(€

© | =

By integrating equation (3.9) between 0 and r, and invoking equation (C1), we obtain the
following equation for the pressure:

dp* 6ir 3i (Dc

32 )
dr ~@+2p 2+ D) JO ds J1(sr)G™(s)P™ (s)- (C2)

Finally, by performing a first-order Hankel transform of the latter equation, we obtain the
Fredholm equation of the second kind:

dr

0 s(1+12)3 7 (©3)

. . 32
p(0) = 3151<1<s>_%1(&) |~ argrwira
0

_ 3is J > rhikn)]i(sr)
4 D

where K, is the modified Bessel function of the second kind with index n. The kernel of the
Fredholm equation has an analytical solution [31], given by

i (kr)Ji(sr)  k* 42 I (s)Kp (k)
JO dr (11+r§)3 = Il(s)Kl(k)—sk% fors <k,
2 2
_K ;FS zl(k)Kl(s)—skw fork<s, (C4)

where [, is the modified Bessel function of the first kind with index n. Integrals are numerically
evaluated with the Gauss-Legendre-quadrature method. The discretized version of equation (C 3)
is a linear algebraic problem and can be numerically solved. Finally, the dimensionless force can
be computed as in equation (3.13) by

F*=—p*(s=0). (C5)
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Mecanique de films d’hydrogels : instabilités induites par le gonflement, effets de taille finie,
de la rhéologie sans contact a une déshydratation induite par indentation

Résumé : Dans ce manuscrit, nous étudions la réponse mécanique de films minces d’hydrogel sous
plusieurs angles, incluant celui d’instabilités de la surface libre, d’indentation de la surface au moyen d’un
fluide et de situations proches du contact de Hertz. Un premier chapitre préliminaire est consacré a la
présentation des concepts de base utilisés dans cette thése. Ensuite, dans une premiére partie, nous nous
intéressons a des instabilités de surface induites par gonflement, que ’on observe a la fois sur des hydrogels
gonflés et sur des films séchés. Nous analysons la formation de motifs comme le résultat d’un important
gonflement anisotrope des films qui sont attachés a une surface, suivi du séchage de la surface libre de
I’hydrogel de polymeres, d’ores et déja déstabilisée. Dans une deuxieme partie, nous développons un modele
poroélastique pour décrire la réponse mécanique d’un hydrogel perméable soumis a un quelconque champ de
pression possédant une symétrie axiale, dans un cas général. Aussi bien le cas d’une épaisseur infinie que les
effets de taille finie sont étudiés et comparés. Dans une troisiéme partie, nous utilisons ce cadre théorique
pour aborder le probleme spécifique du couplage entre poroélasticité et lubrification, rencontré dans le cadre
de techniques en sonde colloidale et sans contact. Nous aboutissons théoriquement aux composantes dis-
sipative et conservative de la force résultant du mouvement vertical d’une sphére au voisinage du substrat
poroélastique. Ces résultats théoriques sont confrontés a des résultats expérimentaux de Microscopie a Force
Atomique (AFM) en sonde colloidale, obtenus sur un hydrogel épais et gonflé. Dans une derniére partie,
nous mettons en évidence une succession de réponses mécaniques de la part d’hydrogels gonflés, avec des
expériences d’Appareil a Forces de Surface (SFA). Partant d’un régime dénué d’interactions entre la sonde et
le gel, la surface de I'hydrogel subit d’abord une faible déformation, dans un régime en lubrification. Enfin,
nous montrons qu’a température ambiante la contrainte mécanique imposée déclenche par déshydratation
la transition vitreuse du polymere. Dans I’ensemble, les résultats obtenus montrent que la réponse poroélas-
tique est caractérisée par une transition dans le temps allant d’un comportement purement élastique et
incompressible a un comportement purement élastique et compressible.

Mots-clés : Hydrogels, poroelasticité, lubrification souple, elastohydrodynamique, motifs de surface, rhéolo-

gie.

Mechanics of hydrogel films: swelling-induced instabilities, finite-size effects, and contactless
rheology to indentation-induced dehydration

Abstract: In this manuscript, we study the mechanical response of hydrogel thin films from different
perspectives, including free-surface instability, fluid-mediated surface indentation and Hertz-like contact
situations. A first, preliminary Chapter is deduced to the introduction of basic concepts used is this thesis.
Then, in a first part, we focus on swelling-induced surface instabilities that are observed on both swollen
hydrogels and dried polymer films. The different observed morphologies are characterized by shape and
spacing. We analyse the pattern formation as the result of an important anisotropic swelling of surface-
attached films, and a subsequent drying of the already-destabilized free surface of polymer hydrogel. In a
second part, we develop a poroelastic model to describe the mechanical response of a permeable hydrogel
to any axially-symmetric pressure field, in a general case. Both the infinite-thickness case and finite-size
effects are studied and compared. In a third part, we use the latter theoretical framework to address the
specific poroelastic lubrication coupling associated with contactless colloidal-probe methods. We derive
theoretically the conservative and dissipative components of the force associated with the oscillating vertical
motion of a sphere close to the poroelastic substrate. We confront our theoretical results to colloidal-probe
Atomic Force Microscopy (AFM) experiments performed on a thick and swollen hydrogel. In a last part, we
highlight a succession of several mechanical responses of swollen hydrogels, with Surface Force Apparatus
(SFA) experiments. From a regime with no gel-probe interaction, the hydrogel first undergoes a gentle
deformation of its surface in a lubricated regime. Then, the indentation of the probe in a contact regime
forces the expulsion of the solvent from the polymer matrix. We finally show that, at room temperature,
the imposed mechanical load triggers the dehydration-induced glass transition of the polymer. Overall, our
results show that the poroelastic response is characterized by a transition in time from a purely elastic and
incompressible behaviour to a purely elastic and compressible one.

Keywords: Hydrogels, poroelasticity, soft lubrication, elastohydrodynamic, patterning, rheology.
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