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Abstract: We use coarse-grained molecular dynamics simulations to study deformation of networks
and gels of linear and brush strands in both linear and nonlinear deformation regimes under constant
pressure conditions. The simulations show that the Poisson ratio of networks and gels could exceed
0.5 in the nonlinear deformation regime. This behavior is due to the ability of the network and
gel strands to sustain large reversible deformation, which, in combination with the finite strand
extensibility results in strand alignment and monomer density, increases with increasing strand
elongation. We developed a nonlinear network and gel deformation model which defines conditions
for the Poisson ratio to exceed 0.5. The model predictions are in good agreement with the simulation
results.

Keywords: Poisson ratio; polymer networks; gels; gel deformation; computer simulations of networks
and gels

1. Introduction

The mechanical response of elastic materials is determined by the Young’s modulus,
E, and the Poisson ratio, v, which quantify the change in a sample shape upon application
of external forces [1-4]. The Young’s modulus defines sample elongation or compression
in the direction of the applied force while the Poisson ratio couples deformations in the
transversal and longitudinal to the applied force directions. The Poisson ratio can take on
values within the interval —1 < v < 0.5 depending on the internal structure of the material.
This range of Poisson ratios is bound on the ratio of the Young’s modulus and the bulk
modulus K = pgdP/9dpg, which describes compressibility of a material with an equilibrium
density pg under an external pressure P. For incompressible materials, such as natural
rubber, E/K <1, and the Poisson ratio v = 0.5 [5,6], and sample deformation occurs at a
constant volume. For compressible materials with E > 3K, the Poisson ratio is negative, and
the elongation of the sample is accompanied by bulging in the transversal to deformation
directions [3,7]. In hard materials (metals, alloys, and ceramics), the recoverable (elastic)
deformation range is usually a few percent, such that the material constants E and v are
determined by their equilibrium properties in an undeformed state. Soft materials (polymer
networks and gels), however, could recover their initial shapes after undergoing extensions
up to 1000% [5,6,8-11]. Such large deformations occur in the nonlinear deformation regime,
with deformation-dependent material properties [12]. The question which we want to
address here is as follows. Is it possible for soft materials to have a Poisson ratio larger than
0.5 and what conditions should be satisfied for this to become possible?

To answer this question, we will use a general definition of the Poisson ratio which is
valid for the large uniaxial deformations [13]:

ATAL =1 (1)
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results in the following expression for the Poisson ratio:
results in the following expression for the Poisson ratio:
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Figure 1. Uniaxial deformation of a network from volume V| and initial dimensions Ly = Lo = Loy, = Lo
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In the ﬁel literature, Q is also known as g;‘fel swelling ratio [14,15]. It immediately
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2. Poisson Ratio of Polymer Networks and Gels

2. PoissquRatin et Rl yones NetwREksSABRL Gel$ dynamics simulations [16] of polymer net-
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simulations of the uniaxial deformation of the networks and gels were carried out at a
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begins to decrease. In the nonlinear deformation regime, the value of Q becomes smaller
than unity, pointing out that the network density is larger than that in the undeformed
state. In this deformation regime according to Equation (3), we should expect values of
the Poisson ratio to exceed 0.5. This is confirmed in Figure 3c, showing variation itpof.lge
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the Poisson ratio on the elongation ratio A for networks in panel (a). Simulations were performed at
a constant pressure of the polymer melt Pey; = 4.97 kgT/ o> with monomer density 0.85 o3, kgTis
the thermal energy and ¢ is the bead diameter.

The second expression connects change in the network volume with deformation:

Q). G p 1)) ) =
Gg</\| +A|2> +3/\|<1+2<1—3()\|2+2Q/\|1>) ) = P(p) = Fext (5)

where P(p) is the network pressure as a function of the network density p (or volume) and
P,y is the external pressure, which, in our simulations, is equal to the barostat pressure.

In the limit of small deformations A| =1 + ¢, expanding Equation (5) in the power
series of ¢| and taking into account that p = poVo/V = po(1 — AV/Vp), we obtain the
expressions for the equilibrium network density po,

Go+ Ge = P(PO) — Pext (6)
and for the Poisson ratio,
1 1Gy
= - —_= 7
W=3573%, @)

in terms of the corresponding shear modulus

Go = Ge+ g(1 +2(1-)7?) (8)

and the bulk modulus Ky = pgdP/9dpg. Here, we use subscript “0” to indicate that these rela-
tionships and material parameters describe properties of the system in an undeformed state.

In the nonlinear deformation regime, we can approximate Q ~ 1 + AQ (see Figure 3b)
and expand pressure in a power series of Ap = p — pg. After some algebra and using
Equation (6), we arrive at

3(A)) =G <A| +)3|2> +?§|<1+2<1—§()\|2+2)\|1)>2> ~ Go+ Ge — KoAQ (9)

Note that the function g ()&H) representing the Lh.s of Equation (9) has a minimum as a
function of )\H; therefore, in the range of network deformations such that g ()&H) <G+ G,
the solution of Equation (9) only exists for AQ > 0. However, for sufficiently large Ay

for which g(/\H> > Go + G,, we have AQ < 0. This peculiar behavior is a direct result of
the finite extensibility of the network. Note that for the interval of positive AQ > 0, the
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the finite extensibility of the network. Note that for the interval of positive AQ > O,5 thg
corresponding Poisson ratio is smaller than 0.5, while for the interval AQ < 0, the Poidson
ratio exceeds 0.5 (Figure 3c)
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Note that deformation on networks and gels results in alignment of the polymer strands
along the deformation direction, effectively inducing a sample anisotropy.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/gels10070463/s1, Simulation details, Model derivation [29-33].
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