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Abstract

Hydrogels are stimuli responsive materials whose physical-chemical-mechanical properties and responsiveness
are tunable; their behavior is similar to those observed in natural living tissues, and their use is promising in a
wide range of applications, especially in the biomedical field. In the present study, we investigate experimentally
and provide a theoretical interpretation of the swelling phenomenon, both in free (i.e. without constraints) and
confined 1-D and 2-D conditions, of poly(acrylamid-co-acrylic acid) hydrogels, in terms of volume ratio increase,
of the Flory—Huggins interaction parameter, and the stress state arising in the network. Relying on a theoretical
multi-physics-based theory describing fluid diffusion, and mechanics, the swelling process is interpreted and
quantitatively discussed, providing new insights in the realm of controlled swelling of hydrogels for their exploi-
tation in new and advanced applications.

Keywords Hydrogels - Confined swelling - Chemical potential - Mechanics of swelling - Osmotic pressure

Abbreviations

A, Avogadro’s constant
b Kuhn’s length of a chain segment
C, Solvent’s concentration in the reference state
Cq As before but referred to the current configuration
D Diffusion coefficient
E Green—Lagrange deformation tensor
F Deformation gradient tensor
G Shear modulus
kg Boltzmann constant
J=1+Cy Volume ratio
J. Volume ratio for constrained swelling
J Solvent flux vector
my Initial mass of the spherical gel beads
n Number of hydrogel’s cross-linked chains per unit volume
N Number of segments in a polymer chain belonging to a single network
Patm Atmospheric pressure
Do Hydrostatic osmotic pressure
p Cauchy hydrostatic stress
P First Piola stress tensor
s Cauchy deviatoric stress tensor
t Time
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T Absolute temperature

Vg Fluid molar volume

b Flory—Huggins parameter governing the swelling phenomenon

6 Confining distance

R0 Initial (dry) and final (swollen) diameter of the spherical hydrogel element, respectively

A Macroscopic stretch

U Chemical potential

Weel Gel’s energy density

Wer» ¥ Network’s deformation energy density and energy density due to the hydrostatic pressure p in
the network

Wnix Polymer-fluid mixing energy density

Vo Mechanical energy density associated to external forces

c Chauchy stress tensor

® Deformation function

Q0Q), Q,(0Q,) Omain of a continuum body and its boundary, in the reference and current configuration,
respectively

1 Introduction

Hydrogels are made by a three-dimensional polymer network capable of absorbing and retaining large amounts of
water, without dissolving in it, because of their hydrophilic character [1-6]. Thanks to their high water content and
softness, hydrogels are good candidate to mimic the physical characteristics of natural materials, such as biologi-
cal tissues, making them highly attractive for a wide range of biomedical and engineering applications [7-11].

Hydrogels can be synthesized from natural polymers (e.g., alginate, gelatin, hyaluronic acid) or synthetic
polymers (e.g., polyethylene glycol (PEG), polyacrylamide), and their properties—such as porosity, mechanical
strength, and degradation—can be tailored through chemical or physical crosslinking.

Recent advancements have been made in the use of hydrogels in the field of art conservation, to overcome the
limitations of traditional restoration materials; their use has been proven to be effective in consolidation, cleaning,
and protection of works of art, especially of paintings where the use of environmentally-friendly technologies
using low-toxicity materials is particularly sought for. As a matter of fact, the exploitation of these advanced
materials calls for a comprehensive knowledge of their mechanical behavior and of the interaction with different
substrates and surfaces as well as their in-situ responsiveness to external and environmental stimuli [12—14]. Tun-
able size, stiffness or surface properties, make these materials particularly suitable for a variety of applications.
The combination of microgels and nanostructured fluids for a novel cleaning system which aims to extend the
application of soft matter materials in the field of cultural heritage is explored in [15]. Another study underlines
that the cleaning performance of hydrogels is influenced by the surface roughness and provided new insights into
the structure—function relationship of gels for cultural heritage conservation [16, 17]. As a matter of fact, under-
standing the behavior of hydrogels under constraints offers relevant insights to increase the knowledge about the
mechanisms taking place in these situations to be exploited in application where the gel deformation is constrained
by the surrounding media, such as in applications devoted to art conservation. The principles governing 1-D or
2-D confined swelling are directly applicable to conservation purposes, where controlled expansion of gels is
used to lift contaminants without damaging underlying artistic substrates as well as for removing soil, aged coat-
ings, and overpaints in art restoration. In particular, the volumetric change of gel-based cleaning systems have
been investigated to modulate adhesion, solvent release, and mechanical action on heterogeneous substrates [17].

Similarly, in the biomedical field jammed microgels have been developed as tailored inks for 3D printing,
showing how rheology, stability, and functionality can be tailored at will [18]. The hydrogel versatility is thus
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evidenced across disciplines, where their tunable structure—property relationship enables applications ranging
from cultural assets conservation to advanced biomedical technologies.

While free swelling, i.e. taking place without any external mechanical constraint, has been extensively inves-
tigated, most practical applications involve swelling under constraints and confinements. In practice, boundaries
such as rigid walls, porous structures, or neighbouring tissues can interact with the volume expansion mechanism
of swelling, generating contact stresses, and influencing the performance of the material, so making confinement
a key factor in hydrogel design. In this framework, the present paper aims to enhance the study of the hydrogels
response by comparing the emerging volume ratio and their mechanics in free swelling conditions with the con-
fined ones.

The topic relevance is well established in the scientific literature [19-24]. For instance, thin films made of smart
hydrogels used as pressure-generating materials and the functional effects of confinement in chemo-mechanical
sensors have been investigated in [19]. Another study has shown how hydrogels swelling is modified by the
presence of obstacles which alter the geometry of their shape evolution and has identified the specific conditions
causing fracture failure [20]. Swelling of hydrogels interacting with rigid and elastic confinements has been
investigated in [21] where it has been shown that the equilibrium configuration of a gel swelling under constraint
depends on the geometry of the confinement, the degree of swelling, and the stiffness of the applied constraint. In
[22], inspired by phenomena observed in nature, interesting theoretical and experimental results concerning the
locomotion in confined spaces have been provided; specifically, a channel-like confinement has been considered
and self-motility has been proven by using temperature-sensitive hydrogel, showing motion capabilities similar
to those observed by larvae and worms. Swelling-strengthening of polymers obtained by a bioinspired strategy,
harnessing membrane nanobarriers for regulating transmembrane fluid transport, has been studied in [23], while
controlled swelling through a properly designed elastic confinement has been considered in [24].

The present study analyzes experimentally the swelling phenomenon in both free and 1-D and 2-D confined
conditions, of poly(acrylamid-co-acrylic acid) hydrogels; volume ratio evolution and stress state arising in the
network are quantified for different degree of confinements. By using a theoretical multi-physics-based frame-
work describing fluid diffusion, and mechanics, the swelling process is analytically described in the steady state
condition and quantitatively discussed, providing new insights in the realm of controlled swelling with potential
implications for both fundamental science and application-oriented design. The present study aims at providing
detailed quantitative information on hydrogel swelling under 1-D and 2-D confinements, understanding how the
swelling process evolves in presence of constraints, and what is the pressure exerted by the gel on the surround-
ing confining environment. We consider the swelling phenomenon—during its evolution from the dry state up
to the final steady state condition—in free as well as in constrained conditions; the Flory—Huggins parameter is
evaluated vs the relative size of the constraining region, while the contact area and the contact stress are evalu-
ated experimentally; further, a simple theoretical model is proposed to assess the contact stress in both 1-D and
2-D confined swelling conditions. These findings represent a fundamental knowledge for the precise design of
gel-based devices whose swelling is controllable by playing with the surrounding constraints.

The paper is organized as follows: Sect. 2 briefly illustrates the mechanics of free swelling in hydrogels, while
Sect. 3 deals with the same problem but for confined gels. Section 4 presents the experimental tests performed for
quantifying the main physical-mechanical aspects involved in free (Sect. 4.1) and confined (Sect. 4.2) swelling.
Section 5 closes the paper by discussing the obtained results and providing future research perspectives related
to exploitation possibilities of controlled swelling.
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2 Mechanics of swelling in hydrogels

The hydrogel’s microstructure is constituted by entangled linear chains, joined at cross-link sites to form a com-
plex network, permeated by a water phase whose molecules can migrate inside the network [25-30]. The network
does not interact chemically with the solvent, so the hydrogel microstructure maintains its physical stability; after
a transient phase in which the solvent diffuses into the network, and an equilibrium state between the stretched
network and the pressure in the fluid, according to the involved thermodynamic forces, is reached.

It is common practice to assume the polymer network and the fluid to be individually incompressible, so the
volume increase of the hydrogel taking place upon swelling, corresponds exactly to the volume of the incoming
fluid. Let X denotes a generic point in the initial configuration €2, (volume V|)) with boundary 0Q, (surface area
Ay); the deformed configuration is described by y,(X) mapping the initial domain € to the current one Q (with
volume V') with boundary 0Q (having area A). The deformation gradient tensor is F = 1 + 0 y,(X)/0X, 1 being
the second order unit tensor. The fluid balance equation at a generic time instant is given by:

9C, V- J=0 1
o U M

Equation (1) states that the time rate of the fluid concentration 0C, /0t is equal to the divergence of the vector
flux J of the fluid crossing any generic infinitesimal reference volume within the gel domain per unit time (posi-
tive if entering into the volume, Fig. 1).

The volume change ratio of the hydrogel is given by J = V/V,, = detF, and the fluid concentration in the current
(¢,) and in the reference (C,) configuration are related as follows: ¢, = C,/detF. Recalling that the volume increase
comes only from the fluid incoming into the network, at any time 7 it happens to be J(¢) = detF(¥) = 1 + C,(?)v,,
being v, is the molar volume of the fluid that, in the case of water, is equal to v, = 1.801 - 10~>m? /mol, while C,
is the fluid concentration per unit initial volume of the gel.

The network-fluid equilibrium state corresponds to a condition of minimum energy of the system which is
achieved when a given amount of fluid has entered into the network. The fluid concentration is typically consid-
ered to be a function of the chemical potential y and of the osmotic pressure p, [31-33]; accordingly, the fluid

aC(up) _ OC, ., 0C, .

concentration rate can be written: C; = i+ —p,, where m = om/ot indicates the time derivative.

ot ou op

(@) Dry state (reference config.) (b) Swollen state (current config.)

Fig. 1 Schematic of the fluid diffusion within a hydrogel network. Reference dry state (a) and swollen state (b)
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The equilibrium state of the system corresponds to the osmotic pressure balancing the stress state in the network
due to the stretch induced by the fluid uptake and, if it is the case, by the external forces applied to the hydrogel.
In other words, the gel keeps swelling until the fluid concentration enables fulfilling such a stress balance. By
adopting the Fick’s law to express the fluid flux-chemical potential gradient relationship [29, 31], J = —M, V u,
being M; =D (k;gT)_1 the mobility tensor (with D the diffusivity tensor) quantifying how easily the solvent dif-
fuses inside the hydrogel network, the balance Eq. (1) becomes:

aC,  aC, )
U+ —p,| +M;V-'u=0
o= op ®)
9 _v.y=0
ot N

being D, T the diffusion coefficient and the absolute temperature, respectively, while kz/ = kzA,, where kg, and
A, are the Boltzmann constant and Avogadro’s number, respectively.

The free energy density of the hydrogel y,,, is expressed as the sum of a mechanical one y,, and the osmotic
pressure-related term v, [26]:

Ve = Wn(F> C) + 9, (4, C) = (W) + 91, (o T)] + p[ (14 0,C) =] 3)

being p = p, — p.. the effective osmotic pressure of the fluid in the gel when the atmospheric pressure is taken
into account; as a matter of fact, the role of the p,,, results to be not negligible in extremely deformable solids
such as in gels.

The mechanical energy density has been written as y,, = v, + v,,;,, Withy,,, the network deformation energy,
and y,,,;, the polymer—solvent mixing energy which, in general, can be a function of the temperature; however, this
dependence will be neglected in the rest of the study. The last term in Eq. (3) comes from the volume constraint
J =14 C,v, > 1, and the hydrostatic osmotic pressure p plays the role of an internal stress state enforcing the
above-mentioned volume constraint.

At the equilibrium, the variation of the total energy evaluated over the volume V, ¥, =¥, + ¥, + ¥,,, (Where
the energy W,,, associated with the external body b and traction ¢ forces has been included), must vanish [30, 31];
in the current swollen configuration this variational statement reads:

5\Pgel = S/Wgeldv

\%4
awnet (F’ Cv) oJ awmix(cv)
= ———~ : OE — . O0E _ cJoC. 1dV
/ [ oF TPoE P Tac TN oS
\4
+6 / W,u(b)dV +6 / W, (t) dA @

A

|4
=/[(S+F—1pJF—T) : 8E + (u + pv,)6C|dV
Vv

- /b-éudV+/t~5udA =0
1%

A

W""’a(+c‘) = F~'P is the second Piola—Kirchhoff (P-K) stress tensor (while P is the first P-K stress

tensor), E is the Green—-Lagrange deformation tensor, and éu represents the virtual displacement field. The so-
called chemical potential u appearing in Eq. (4) is the derivative of the mixing energy with respect to the solvent

where S =
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concentration, y = dy,,;./0C,. It is worth noticing that the term (4 + pv,) in Eq. (4) represents the total chemical
potential (or specific Gibbs free energy) of the solvent component when pressure is accounted for. The osmotic
pressure p modifies the chemical potential when mechanical work is done on the system and its effect consists in
hindering the fluid molecules to enter into the network.

When no external forces are present, at the steady state no fluid motion exist within the gel’s network, i.e.
J = Vu = 0 and the fluid concentration does not change anymore, C, = 0; accordingly, the equilibrium condition
reduces to P = FS = pJF~" in the reference configuration or ¢ = p1 in the current configuration, i.e. the elastic
stress balances the effective osmotic pressure p = p, — p,,..; the atmospheric pressure p,,,, has to be accounted
for since it plays a role for extremely deformable gels.

The network-fluid mixing energy ¥,,,;, in Eq. (3) is usually expressed as [1, 28]:

_ kB,T vsCs I(CS)
leix = " . [(J - 1)11’1 <T) + VSCST] (5)

N

where the so-called network-fluid affinity, quantified by the Flory—Huggins interaction parameter y, has been
introduced.

In polymer physics, it is common practice to assume the affine deformation hypothesis, so the deformation
energy of the network can be expressed by using the macroscopic deformation gradient tensor F as follows [31]:

¥, (F)=G[tr(FF") =3 -2InJ] = %nKBT[,ﬁ + A3+ 43 =3 —=21In (A4, 43)] (6)

where the second expression in Eq. (6) has been written by referring to the principal stretch directions (being
A1, 49, A5 the principal stretches), while n represents the number of cross-linked chains per unit volume [34, 35].

3 Mechanics of confined swelling

Swelling is driven primarily by the osmotic pressure, which arises because the material contains solutes that attract
the solvent (water in case of hydrogels). Confined swelling occurs when the gel expansion due to fluid absorption
takes place in presence of mechanical obstacles, or constraints interacting with the gel itself. Differently from free
swelling where the material expands uniformly in all directions, in confined swelling the mechanical constraints
limit the deformation of the material and generate further internal stresses, beyond those due to chains stretch
induced by water uptake.

If the applied constraints are too severe, such as when the gel is forced to swell in a narrow confining environ-
ment limiting the deformation in one or two directions, gel failure could take place due to the excessively large
stress arising along the unconstrained directions.

In the present study we consider the problem of a spherical gel bead expanding freely (Fig. 2a) or in presence
of a 1-D or 2-D confinement; in the first case, two rigid parallel planes placed at a fixed distance 6 are considered
(Fig. 2b, swelling constrained in the X, direction), while in the second case a tube with a square cross section
with size 6 is adopted to limit swelling along two directions at the same time, namely X;, X, (Fig. 1c).

It is worth recalling that the elastic property of a swollen spherical gel element can be evaluated through a
simple compression test, where the force—displacement relationship can be determined by using the relation
between the applied force P and the diameter reduction (quantified by the displacement u) of an Neo-Hookean
sphere with diameter ¢ and Poisson’s ratio v, can be written in the form:

P = G¢§*F 2—”)
(s
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( a) (b) contact area ¢1
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Dry state Free swollen state Dry state 1-D confined swollen state
(C) contact area ¢
Xz
A V,
o

Dry state 2-D confined Swollen state

Fig.2 Free (a), 1D constrained swelling (b), and 2D constrained swelling (¢) of an hydrogel having an initial (dry) spheri-
cal shape with diameter ¢y and volume V;. Upon swelling, the volume increases up to the steady state condition at time t
reaching the final volume V

where F() is a non-linear dimensionless function depending on the material’s constitutive law and problem geom-
etry [36, 37]; the above expression reduces to the classical Hertzian contact equation for not too large deformations

3/2
[38]: P = 3 (f o P’ (i ) . The latter relationship will be used to experimentally determine the Young’s modulus

of the gel in the steady swollen state, i.e. at complete swelling, by adopting as usual v = 1/2, and considering not
too large deformations, as occurs at the beginning of the contact phenomenon considered in the experimental
tests.

4 Experimental tests
4.1 Freeswelling

We performed both free and constrained swelling tests of hydrogel beads, having nearly a spherical shape
in the dry state, made of poly(acrylamid-co-acrylic acid) with side groups — CONH2 and — COOH. Upon
submersion in water, the beads swell and increase their volume several times. For each considered test,
five beads were used to determine the average and the standard deviation of the quantities of interest, such
as the volume ratio, the gel-rigid surface contThe initial average diameter of the beads in their dry state is
¢y = 4.99 + 0.09mm, while their initial dry mass is equal to m; = 0.106 = 0.008g. Upon reaching the steady
state of swelling, mechanical compression tests have been conducted to determine the elastic properties of
the hydrogel using of Eq. (1). Figure 3 shows the shear modulus vs the diametral stretch of spherical hydrogel
elements under compression; an average value falling in the range G = 9.5 — 12kPa can be reasonably adopted
for the studied gel; in the following, the average value G = 10.75kPa is adopted.
act stress, etc.
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Fig.3 Shear modulus vs the diametral stretch of the gel 20
sphere during compression mechanical tests. The average
shear modulus falls within the interval 9.5-12 kPa

16 —

E/3 [kPa]

12

Shear modulus, G

0 ! \ \ \
0.6 0.7 0.8 0.9 1.0

Diametral stretch, A = (0—u) /¢ []

Fig.4 Free swelling of a
spherical hydrogel bead
immersed in water. Volume
ratio vs time (a). Swollen con- =150 - D
figurations at different time : f

instants (b): 0h (1), 1.5h (2), & @ )
6h(3),20h (4) i \ ‘ &
g — 5mm
£
>
(]
>
@ oo o] (O)=V©D/V
(1) | | |
0 20 40
Time, t [h]

In order to assess the degree of swelling, quantified through the volume ratio J, the amount of water entered
into the hydrogel beads’ network is determined by weight measurements at regular time intervals. The equi-
librium condition, corresponding to the variational condition stated by Eq. (4), attained for a sufficiently long
time of immersion in water for which the volume ratio J is known, enables the evaluation of the interaction
parameter y of the gel as will be shown in the following.

In free swelling conditions, the gel beads initially swell showing an irregular shape due to the growth of
unstable modes in response to local differential swelling in the material [39, 40]. In Fig. 4b, the shape evolu-
tion of the gel during swelling is shown.

Since in free swelling F = J'/31, by using the well-known relationship ¢ = J‘I%FT, where ¥, is
expressed by Eq. (6), the stress state in the gel’s network at the swollen steady state can be found to be character-
ized by the hydrostatic (tensile) stress p = 11.41kPa (referred to the current configuration), i.e. 6 = p - 1 (or

oY, (F)

equivalently P = —r =P 1, with p = 340.53kPa in the reference dry configuration) while the deformation

gradient tensor is expressed by F' = 4 - 1, with 1 = 5.463.
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4.2 Confined swelling

In the second series of tests, the hydrogel beads are forced to swell in a confined environment consisting in 3D
printed PLA plates limiting the expansion of the gel during swelling. Both 1-D and 2-D confinements have been
considered (see Fig. 1b, ¢): in the first case, two stiff (rigid) planes, placed at a relative distance 6 equal to 10,
15, and 18 mm, surround the gel in order to prevent its expansion more than the above-mentioned distances in a
single direction. In the second case, the gel beads are forced to swell in a rigid tube with a square cross-section
having sizes 10, 15, and 18 mm, respectively.

The initial average diameter of the beads in their dry state for the three above-considered 1-D con-
finements are: a) ¢, =4.87£0.13mm, m, =0.096 +0.010g (confinement & = 10mm, /¢, = 2.05),
b) ¢y =501+007mmmy,=0.101+0.004g (confinement 6= 15mm,6/¢p,=2.99 ), c)
¢y = 4.98 + 0.06mmm; = 0.104 + 0.004g (confinement 6 = 18mm, 6 /¢, = 3.61). As for the 2-D confinements, the
initial characteristics of the gel beads are the following: a) ¢, = 4.77 = 0.02mm, m; = 0.093 + 0.054g (confinement
6 = 10mm, 6/¢, = 2.09),b) ¢y = 4.93 + 0.01mmm, = 0.098 + 0.057g (confinement 6 = 15mm, 5/¢, = 3.04), c)
¢y = 4.92 + 0.01mmmy = 0.099 + 0.057g (confinement 6 = 18mm, /¢, = 3.66). According to the above-reported
average diameters of the dry gel beads, the three confinements are approximately characterized by the relative
size ratios 6 /¢, = 2.0;3.0;3.6, respectively.

The volume ratio J is calculated by weighing the hydrogel at regular time intervals, after taking out the swol-
len beads from their confining environment for a very short time (less than 2 min). The experimentally measured
evolution of the volume ratio with its relative standard deviation, is shown in Fig. 4 for the case of free swelling,
while the volume ratio of the two above-illustrated confined swelling conditions is shown in Fig. 5.

It is worth noticing that in one case (2-D confinement of 10 mm the test was interrupted after about 18 h
because of the failure of most of the tested gel beads. From the minimum condition of the total energy den-
SIY, Yoot = Wyt (F) + Woie(Cy) + v, (J,C,), itis possible to evaluate the Flory—Huggins interaction parameter
for the various considered cases; in particular, a numerical procedure that, by varying , iteratively searches
for the minimum of the total energy density y,,; = y,,.,(F) + q/ml-x(Cs) +y, (J , CS) for a given known volume
ratio J, has been used.

175 175
(@) Jeltoe)=-162_ Y -(b)
150 _ ]C (tﬁoo) =_~_15_1 > 150 _
Jelt»00)=~133_~—~" ] - _
Z 125 o : 125 7]C (t_)oo)__:1_26 ________
~ - -~  Jltzo)== 010~ _
2 100 - 2 100 -
© - ©
g 75- g 75—
= 2 - " —a- - -
O O
> 30 - 1-D confinement > 50— 2-D confinement
6 =18 mm 0 =18 mm
25 6 =15mm 25 8=15mm
6=10 mm 6=10 mm
| | | | | | | |
0 10 20 30 40 0 10 20 30 40
Time, t [h] Time, t [h]

Fig.5 Confined swelling of a spherical hydrogel bead immersed in water. volume ratio vs time for the 1-D and 2-D con-
fined swelling. The steady state volume ratio for confined swelling J,. is also indicated. Measurements have been performed
at the time instants corresponding to the dot symbols, while continuous lines are the interpolation of the test data
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Table 1 Flory-Huggins interaction parameter y estimated from experimental tests in the steady state condition for the free
and for the 1-D and 2-D confined swelling cases. In the bottom lines, the water concentrations C, per unit initial dry gel
volume (expressed in [mol/m?]) are also reported

Confinement 6 = 10mm 6 = 15mm 6 = 18mm Free swelling
1-D x =0.257 x =0.201 x =0.160 x =0.155

C, = 7.33 - 10°mol /m? C, = 8.33 - 10°mol /m’ C, = 8.94 - 10°mol /m? C, =9.00 - 10°mol /m’
2-D ¥ = 0431 x =0325 x =0.280

C, = 3.55 - 10°mol /m? C, = 6.05 - 10°mol /m* C, = 6.94 - 10°mol /m?

The determined values are reported in Table 1 (by neglecting the temperature effect that does not play
any role for the class of the considered hydrogels) where it can be appreciated that the limitation to the
volume expansion of the hydrogel obtained by applying the 1-D and 2-D confinements, corresponds to a
fictitious increase of the effective interaction parameter y of the gel; the more the gel is confined, the more
the interaction parameter increases, indicating a mechanically-induced lower network-fluid affinity. In the
same table, the solvent concentration in the various cases has been evaluated by considering that for water
v, = 1.801 - 107m3 /mol (Fig. 5).

The hydrogel-rigid plane contact area has been observed at regular time intervals for the two series of
confinements. In Figs. 6, 7 some exemplary images of the contact area for the 1-D confinement (Fig. 6) and
for the 2-D one (Fig. 7) are shown (Table 1).

For the 1-D confinement case, once the hydrogel spheres initiate to be in contact with the rigid planes, the
immersion in water was briefly suspended and a mechanical test was conducted at regular time intervals to
determine the compressive force P necessary to recover the above-mentioned fixed distance of the applied con-
straint. The average contact stress o, = P/A was obtained by considering the contact area A between the gel

1-D confinement =10mm =15mm =18 mm

- . . .

Fig.6 Top views of 1-D confined swelling for three different confinements at the time instants = 114 and ¢ = 35k of

immersion in water. In some cases, the hydrogel bead undergoes fracture as can be observed from the left hand side pic-

ture; the fracture surface appears to be roughly normal to the two confining planes
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2-D confine ment 6 =10mm =15mm =18mm

Fig.7 Lateral views of 2-D confined swelling for three different confinements at the time instants = 114 and t = 354 of
immersion in water

t=11h

10 mm

t=35h

failed

and the rigid contact (transparent) plane, measured through high-resolution pictures of the confined gel at
various time instants of the swelling process (Fig. 8).

The average contact stress o, increases by decreasing the confinement distance § and such an increase
becomes more pronounced for longer swelling times. For sake of completeness, the real contact stress dis-
tribution o(r) provided by contact mechanics theory [41], compared to the average one o, is shown in the
detail of Fig. 8b.

In the confined steady swollen states, once the volume ratio J, is known, the network stretches in the coor-
dinate directions 4, 4,, A;—here assumed to be roughly homogeneous throughout the gel domain—can be
easily determined; the corresponding deformation gradient tensors become:

‘]C/F22 0 0

F,_ ,= 0 6/, 0
B 0 0 VJC/FZZ (8)
[5/dy O 0

0 0 J/(FyFy)

for the 1-D and 2-D confinements, respectively. Let’s indicate with P,_,, and P,_,, the corresponding 1st
Piola—Kirchhoff stress tensors obtained by differentiating the network energy density with respect to the deforma-
tion gradient tensor. On the other hand, the deformation gradient tensors in the case of isotropic swelling (taking
place in absence of any constraint) with the same volume ratio J,. are:

F _pl., =71, F,_p|. =771 )

iso iso

with the corresponding 1st Piola—Kirchhoff stress tensors, P;_p|. and P,_p|. .

The stress applied by the gel to the confining surfaces can thus be roughly estimated as the difference between
the two above-mentioned 1st Piola—Kirchhoff stress tensors; in other words, it represents the stress required to
bring the gel from the isotropically swollen state to the confined one, both characterized by the same volume
ratio J, i.e
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Fig. 8 Mean contact pressure o between the gel and the contact surface in 1-D confined swelling vs the confining distance
6. Mean contact pressure after 11 h (a), 17 h (b), 35 h (¢), and 41 h (d). The comparison between the average contact stress
and the real one [41] provided by contact mechanics theory is illustrated in the insert of sub-figure (b). The symbols a and

r represent the radius of the contact area and the generic distance from the center of the circular contact area

Pl—chontact = (PI—D|iso - Pl—D)’ P2—D|contact = (PZ—Dliso - P2—D)
while the corresponding confining surfaces’ contact Cauchy stress tensors can be obtained as:
J 'p,_ ol

Gl—chantact J Pl D|c0ntact 1-p> O2- chontact contact 2 D
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Fig. 9 Confining pressure o, obtained from the theoreti- -5
cal model (see Eqgs. 8—11) existing between the gel and the —_
contact surface in 2-D confined swelling vs the confining Dt? B
distance 6 at the steady state swelling condition X, 4
i3]
w & L
£ 2-3F
0 N X
o9 | |
.g o
= 8 -2 - 60
c» =
O > - p—
(ORo) i =T
[4)
Q -1 =
- 7]
o N
© ~ X Theor. model oL
-
0 \ \ \ \ \\\\ ¢

10 15 20 25
Confining distance, 6 [mm]

The confining contact stress obtained through the theoretical model is illustrated in Fig. 8d for the 1-D con-
finement and in Fig. 9 for the 2-D confinement. For the 1-D confinement, for which the experimental contact
stress has been determined, the difference with the theoretical results is quite large, especially when the contact
area has a limited extension such as in the case of 6 = 15 and 18mm since it is not correct to assume the contact
stress to be homogeneously distributed inside the gel. For the 2-D confinement (Fig. 9), the experimental results
have not been determined because of the complexity of a biaxial compression tests. From the simplified model,
the confining stress o,_ D|contact decreases by increasing the confining distance; as discussed above, it has to be
considered that such a stress is incorrectly overestimated by the model when the contact area has a limited exten-
sion compared to the transversal cross section of the gel domain.

The main source of inaccuracy of the proposed model is due to the lack of homogeneity in the stress state within
the gel. The homogeneity of the stress state increases by increasing the degree of confinement (i.e. by decreasing the
confining distance), so the theoretical model provides a better estimation of the contact stress for more severe confine-
ments. According to the above discussion, a 2-D confinement is characterized by a more homogeneous stress state
with respect to the 1-D case, so we expect that the theoretical model is more accurate in this latter case.

The contact Cauchy stress tensor can be additively decomposed into the hydrostatic and the deviatoric
tensors as follows:

O-l—chonmct = lpl—D +S1-ps O-Z—chantuct = lpz—D +5p (12)

In Fig. 10 the values of p and s,, obtained from the theoretical model are plotted vs the confining distance
0; it can be noticed that the hydrostatic stress p roughly changes by a factor of about 5 for large confining
distance (6 = 18mm) to a factor of 9 for small confining distance (6 = 10mm), while the deviatoric stress
component s,, changes by a factor 2 for large confining distance (6 = 18mm) to a factor of about 7 for small
confining distance (6 = 10mm).

It is interesting to quantify the extension of the contact area in 1-D and 2-D confined swelling; in Fig. 11 the
main sizes of the contact region described by the dimensionless distances @,/ @, $1/ Py, in 1-D confined
swelling, and ¢,/ Pspns B1/ Pspns P2/ Dy in 2-D confined swelling vs the confining distance 6 at two time
instants of swelling, namely 35 h for the 1-D confinement (Fig. 11a) and 11 h for the 2-D one (Fig. 11b) are
illustrated. The size ¢,,, indicates the diameter of the hydrogel element with a spherical shape having the
same volume as the confined one.
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5 Conclusions

Swelling of hydrogels is a complex phenomenon—involving fluid diffusion, large deformation, hydrogen bond
dissociation, chain entanglement, etc.—leading to a huge volume expansion of the polymer network. This physic-
mechanical phenomenon can be controlled, such as in temperature-sensitive hydrogels or by changing the sol-
vent fluid, in order to obtain a desired swelling degree. In this experimental study we have considered the case
of mechanically controlled swelling obtained by using physical constraints. In particular, we have considered
experimentally the swelling of poly(acrylamid-co-acrylic acid) hydrogels in free, 1-D, and 2-D different degrees
of constrained conditions at various stages of swelling, and a theoretical interpretation has been provided. The
volume ratio, the Flory—Huggins interaction parameter, the stress state in the gel network, and the contact stress
with boundary walls in the considered conditions of confined swelling have been determined. A simple model to
assess the contact stress of gel swelling in a 1-D and 2-D confined environment has been provided.

We have provided detailed quantitative information related to hydrogels swelling under 1-D and 2-D confine-
ments; understanding how the swelling process takes place in presence of rigid boundaries, what is the gel-
confinement contact pressure, as well as the contact area evolution, represent fundamental information for the
tuning and designing of gel-based smart and active devices.

1.5 25 2.0 1.5
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Fig. 11 Dimensionless contact sizes arising in 1-D (a) and 2-D (b) confined swelling. ¢y, is the diameter of the sphere
having the same volume of the swollen gel at the considered time
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Although similar cases have been explored in the scientific literature, the present results provide a useful contri-
bution to quantify the effect of different confinement types and degrees, as well as the contact pressure generated
by hydrogels swelling under constraints. These results are useful to improve the knowledge on the quantitative
behavior of hydrogels swelling in free and confined conditions. The swelling degree and the mechanical pressure
exerted during the confined swelling, is fundamental in various applications such as chemo-mechanical sens-
ing, drug delivery, tissue engineering, soft robotics, cultural heritage conservation, etc. Controlled swelling and
contact pressure exerted on a specific surface in confined swelling, might be used to activate sensor, operate soft
actuators, release substances, trigger cleaning systems of works of art, etc.
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