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Abstract A gel, an aggregate of polymers with solvents, has
dual attributes of solid and liquid as solvent migrates in and
out of the polymer network. Indentation has recently been
used to characterize the mechanical properties of gels. This
paper evaluates the effects of large deformation and material
nonlinearity on gel indentation through theoretical modeling
and finite element analysis. It is found that large deforma-
tion significantly affects the interpretation of the experimen-
tal observations and the classical relation between indenta-
tion force and depth has limitations for large deformation.
The material nonlinearity does not play a very important
role on indentation experiment so that the poroelasticity is a
good approximation. Based on these observations, this paper
proposes an alternative approach to measure the mechanical
properties of gels, namely, uniaxial compression experiment.

Keywords Gel indentation - Large deformation - Finite el-
ement simulation

1 Introduction

A gel is the aggregated solvent and crosslinked polymeric
network. As the solvent migrates in and out the network,
gel swells and shrinks, respectively, which endows gels the
capability of large and reversible deformation. The gels have
found diversified applications in nature and engineering due
to the dual attributes of solids and liquids, such as drug de-
livery [1,2], tissue engineering [3,4], food processing [5],
and oil field management [6, 7]. It is then important to obtain
the mechanical properties of gels for abovementioned appli-
cations. Recently, indentation experiment that has been suc-
cessfully used to probe hard materials (e.g., metals and ce-
ramics) is adopted as a method to characterizes gels and soft
materials [8—11]. To measure the time-dependent material
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behavior due to the migration of solvent in and out the net-
work of gels, the creep experiments (i.e., indentation with a
constant force) and relaxation experiments (i.e., indentation
with a fixed depth) can be conducted. Specifically for a re-
laxation indentation experiment, the gel is suddenly indented
by a fixed indentation depth and the applied force gradually
relaxes as the solvent migrates out of the gel network. To in-
terpret the indentation experiments, the finite element model-
ing has been conducted correspondingly [12—-16]. The shear
modulus, Poisson’s ratio and diffusivity of solvent into the
network can be calculated.

In these theoretical efforts, gel is modeled as a poroelas-
tic media [17]. Based on the Boussinesq solution, the rela-
tionship between the force applied on indenter, deformation
of the gel and the material properties of gel is established and
used to extract the material properties of gels [12-16, 18].
For instance, force F is applied to indent a depth & using a
spherical indenter with radius R, forming a contact radius a,
as shown in Fig. 1. For a <« R, the contact radius and the
applied force F are given by [18]

a= VRh, (1)
8Gha
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where G is shear modulus, v is Poisson’s ratio. For given
indentation depth 4 and indenter radius R, the material prop-
erties can be calculated based on the applied force F. This
equation is the foundation of indentation experiment for hard
materials and has been adopted for soft materials as well. A
noticeable difference between indenting hard and soft ma-
terials is the range of deformation. For hard materials with
modulus on the order of 100 GPa, the deformation is typ-
ically very small with strain on the order of few percent.
However for soft materials (e.g., gels) with modulus on the
order of 1 MPa or even smaller, large deformation (on the
order of tens of percent) can be easily achieved. Therefore,
it is thus important to examine if the force-indentation depth
relationship (e.g., Eq. (2)) is valid for large deformation.
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Fig. 1 Schematic of a spherical indenter with radius R on an in-
dented material. # is the indentation depth and « is the contact
radius

As a simple examination, we conducted finite element
analysis using commercial package ABAQUS by indenting
a relatively hard material with elastic modulus of 1 GPa and
Poisson’s ratio of 0.3 by a rigid spherical indenter with ra-
dius of R = 3 mm. The contact between the rigid inden-
ter and the hard material is considered frictionless. 12395
three-dimensional brick elements (C3D8) have been used in
the finite element analysis and finer meshes (approximately
400 elements) are used for the region right underneath the
indenter. Mesh refinement is reached for convergent results.
Figure 2a compares the indentation force F obtained from fi-
nite element analysis and Eq. (2) versus the indentation depth
h. It is observed that the results from finite element analysis
and Eq. (2) are consistent as the indentation depth £ is less
than 0.02 mm but start to deviate significantly beyond this
indentation depth. Figures 2b and 2c provide the contour
plots of the logarithmic strain in the vertical direction for
two indentation depths, namely # = 0.02 mm (Fig. 2b) and
h = 0.1 mm (Fig. 2c). It is found that the absolute value of
the maximal strain for 4 = 0.02 mm is around 2%, which
is still within the range of small deformation. However,
the strain increases to about 10% for 4 = 0.1 mm, which
is clearly large deformation. This examination shows that
large deformation plays an important role on indentation ex-
periments. At the range of large deformation, the simple re-
lationship between applied force F and indentation depth &
(e.g., Eq. (2)) does not hold anymore. In fact, this discrep-
ancy has been noticed and some empirical correction func-
tions have been applied for deeper indentation [14]. As the
large deformation is always the case for gel indentation, the
effect of large deformation on gel indentation needs to be
evaluated.

Aforementioned theoretical work on gel indentation
modeled the gel as poroelastic material.  Specifically,
the stress o;; of a gel linearly depends on strain &; =
(u;j +uj;)/2 and the chemical potential u of the solvent in
the gel,

VE, (5," 6,"
O'ij:2G(8,'j+ K j)—# /

1-2v ’ ©)

\4

where v is the specific volume of the solvent molecule. The
last term on poroelasticity represents the hydrostatic pressure
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caused by the change of the chemical potential of the solvent,
or equivalently the migration of the solvent. This constitu-
tive relation is linear. However, it has been showed that as
the solvent migrates in and out of the gel, the stress—strain
relation can be highly nonlinear [19]. Thus the material non-
linearity may also play a role on gel indentation.
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Indentation depth /4 /mm

Fig. 2 Indenting a hard material with Young’s Modulus 1 GPa,
Poisson’s ratio 0.3 by a rigid spherical indenter with radius of
3 mm. a Indentation force F versus indentation depth % for both
finite element result and theoretical result (Eq. (2)); b Strain con-
tour for shallow indentation depth 2 = 0.02 mm. c¢ Strain contour
for deep indentation depth 2 = 0.1 mm

In this paper, we have evaluated the effects of large
deformation and material nonlinearity on gel indentation
and suggested a means to more accurately and easily probe
the mechanical properties of gel. Since the poroelastic-
ity model has been widely used to study the gel indenta-
tion [11, 20, 21], we start from the linearization of nonlinear
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gel constitutive relation and then evaluate the linearized con-
stitutive relations in Sect. 2. In Sect. 3, finite element anal-
ysis has been conducted to study the short-time and long-
time limits of gel indentation upon sudden application of a
force. The focus is on the applicability of the simple force-
deformation (e.g., Eq. (2)) for gel indentation when large
deformation and material nonlinearity come into play. In
Sect. 4, we presented a simpler experiment and analysis that
can characterize the mechanical properties of gels even un-
der large deformation.

2 Evaluation of the linearized gel constitutive relation

In this section, we evaluated the applicability of the lin-
earized constitutive relation (e.g., Eq. (3) for poroelastic-
ity) on large deformation. This evaluation is based on the
comparison of a nonlinear gel constitutive relation and its
linearization that takes the similar functional expression as
Eq. (3). We adopt the nonlinear constitutive relation from
a coupled diffusion and large deformation theory for poly-
meric gels [19].

Let 4y, A, and A3 be the three stretches along the prin-
cipal directions (e.g., N1, N2, N3) due to swelling. The true
stresses in the principal directions are given by

NkT 1 u kT 1
= - =47 =" |log[1 -
71 /12/13 ( ! /11 ) {v v [ Og( /11/12/13)

1 X
+ +
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where N is the number of polymer chains in the gel per unit
volume of the dry polymers, kT is the temperature in the unit
of energy, y is a dimensionless parameter characterizing the
polymer-solvent interaction. In fact, NkT is the shear mod-
ulus of the polymer at the dry state under the small strain
condition. The last term in Eq. (4)

u kT 1 1 X

- log(1 - + +
v [ " e

5
A1 243 ©)

is the osmotic pressure caused by the migration of the sol-
vent in and out the polymer network. Here both the polymer
network and solvent molecular are considered incompress-
ible. In other words, the migration of the solvent in and out
the polymer network is the sole cause of the volume change
of the gel.

As the gel reaches equilibrium under no constraint and
external forces, the chemical potential of the solvent inside
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the gel balances with that of the external solvent and the gel
swells freely, characterized by vanishing chemical potential
p = 0, vanishing stress oy = 0, = 03 = 0 and isotropic
swelling A; = A, = A3 = Aeq. The equilibrium swelling ratio
Aeq can be determined by solving Eq. (4). In gel indentation
experiment, the fully swollen gel is indented. In the follow-
ing, we will examine the linearization of a fully swollen gel.

A fully swollen gel is subjected to an uniaxial stress,
for example, along N,-direction. Two distinct states are dis-
cussed separately:

(1) Short-time limit: unrelaxed state

Right after the uniaxial stress is imposed on a fully
swollen gel, at time ¢ = 0%, the solvent molecules have no
time to migrate out of the fully swollen gel and the gel be-
haves as an incompressible material, i.e.,

A pds = A, (6)
Denote the nominal strain in N;-direction as &, given by
A1 = Aeq(1 + ). 7

Here the fully swollen state has been used as the reference
state for the uniaxial stress state. Thus the incompressibility
condition for the short-limit (i.e., Eq. (6)) gives the stretch in
the lateral directions (i.e., N, and N3),

A=A = & 8
2=A3 = (I+e) (8)

Substitute Egs. (7) and (8) into Eq. (4), the true stresses be-
come

1+e¢ 1
= NkT Aeg (1 + &) —
! 2, [ SR e +s>]
kT 1 1
+ log(l— 3]+ Lk ©)
v /leq /leq /lgq 4
NKT [ Aeq V1 +s)
Oy = 03 = -
/lgq \/1 + & \/1 + & /leq
kT 1 1
+ [log(l— 3)+ , + )g]—# (10)
v Aeq Lq Ay v

It should be noticed that right after the stress is imposed on
a fully swollen gel, at short-time limit, as the solvent inside
the gel has no time to migrate to maintain the balance with
the solvent outside, the chemical potential of the solvent in-
side the gel is not vanishing anymore, i.e., 4 # 0. For ten-
sile stress, the gel tends to absorb more solvent so that the
chemical potential of the solvent inside the gel decreases,
p < 0. For compressive stress, the gel tends to expel solvent,
which increases the chemical potential of the solvent inside
the gel, ¢ > 0. Under an uniaxial stress in N,-direction,
o0, = 03 = 0. By combining Egs. (9) and (10), the stress o
is given by

NkT 1
= 1 2_ .
71 [( to 1+8}

Aeq (11)
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This is a nonlinear stress—strain relation for a fully swollen
gel under uniaxial stress state.

The linearized stress—strain relation is obtained by tak-
ing the leading term of strain &, given by

_ 3NkTe

= 12
gl /leq (12)

The prefactor here is the elastic modulus at the short-time
limit for infinitesimal strain,

3NKT

e (13)

Ei=o+|g=0 =

At the short-time limit, as the solvent has no time to mi-
grate out, the gel is considered incompressible, or equiva-
lently, Poisson’s ratio at the short-time limit for infinitesimal
strain is

1

. (14)

Vr:()+|g:o =
Thus the shear modulus at the short-time limit for infinitesi-
mal strain is

NkT

Ay (15)

Gi=0tle=0 =

At the short-time limit for infinitesimal strain, the shear mod-
ulus is the shear modulus NkT of the gel at the dry state di-
vided by the equilibrium swelling ratio Aeq. This extremely
simple relation suggests a means to correlate the shear mod-
ulus of dry and fully swollen gel by the equilibrium swelling
ratio.

In order to evaluate the linearized stress—strain relation
(Eq. (12)), the comparison between the linear and nonlinear
stress—strain relation (Eq. (11)) is shown in Fig. 3 where the
normalized stress ojv/kT is plotted against nominal strain
¢ for different materials parameters and corresponding equi-
librium swelling ratio Aeq, namely (Nv = 0.001, y = 0.2,
Adeq = 3.215), (Nv = 0.01, y = 0.2, deq = 2.125), and
(Nv = 0.05, y = 04, 2eq = 1.513). Here Nv is the nor-
malized shear modulus of the dry polymer. It is found that
the linearized stress—strain relation agrees very well with the
nonlinear relation for a very wide range of strain, from —20%
to +30%. It is interesting to find that the gels with relatively
smaller equilibrium swelling ratios (e.g., deq = 1.513) show
more significant nonlinearity compared with the ones with
larger equilibrium swelling ratios (e.g., deq = 3.215). In fact,
the gel with A4 = 3.215 shows almost linear stress—strain
behavior as strain varies from —50% to 50%. The reason is
that the nonlinearity is modulated by a prefactor in Eq. (11),
NKT | Aeq, and this prefactor dims for smaller shear modulus
of dry polymer NkT and larger equilibrium swelling ratios
Aeq, Which provides approximately linear stress—strain rela-
tion. In fact, these two factors, NkT and A.q change out-
of-phase, e.g., smaller NkT corresponds to larger A.q, which
makes the modulation effect of this prefactor NkT '/ A¢q on the
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linearity of the stress—strain relation more pronounced. Thus
Fig. 3 shows that the linearized stress—strain relation (such
as the poroelasticity model Eq. (3)) with moduli given by
Egs. (13) and (15) is applicable to a reasonably large strain
at the short-time limit.

0.06
——Nonlinear stress-strain relation (Eq. (11))
0.044 —-— Linearized stress-strain relation (Eq. (12)),/7
0.02
MW=0.001, =02, A =3.215
0.00

Stress o,wkT

M=001, y=02, A4 =2215
—0.02 4 s X » Aeg

—0.044 |

—0.06

04  —02 0.0 02 04
Nominal strain &

Fig. 3 Normalized stress o;v/kT versus nominal strain & of a
fully swollen gel subjected to uniaxial tension for both nonlin-
ear constitutive and linearized constitutive relations at short-time
limit. Three material parameters and corresponding swelling ratio
are used, namely (Nv = 0.001, y = 0.2, A,q = 3.215), (Nv = 0.01,
X = 0.2, Aeq = 2.125), and (Nv = 0.05, y = 0.4, Aq = 1.513)

(2) Long-time limit: relaxed state

At the long-time limit, the new equilibrium state is
reached. As the solvent inside the gel is able to migrate out
to establish a balance with the solvent outside, the volume of
the gel changes and the chemical potential of the solvent in-
side the gel is everywhere uniform and vanishing, i.e., u = 0,
remaining balanced with the solvent outside.

Upon the uniaxial stress in N;-direction, the nominal
strain € in N;-direction is defined as the same way in Eq. (7).
The Poisson’s ratio at the long-time limit # = oo is introduced
to relate the strain in N;-direction and N,-, N3-directions,

Ay = A3 = Aeg(1 — Vi=w®). (16)
The true stresses (Eq. (4)) are thus given by

NkT
o] = Aeg (1 + &) —
PR = ) [ all*e)

Aeg(1 + &)

kT 1
+ log|1—-
v (1 + &)1 = vi—e0t)?
1

+
(1 + &)1 = viewe)?

X
1
a1+ eR - v,_mer*}’ )
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~ NkT
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This is the nonlinear stress—strain relation at the long-time
limit. Using the traction free condition in N, and N3 direc-
tions (i.e., 0 = o3 = 0), Poisson’s ratio v;—., can be solved
from Eq. (18). It is noticed that v,—., depends on strain &.
Substituting v,-, into Eq. (17), stress o; can be expressed as
a function of strain & and two material parameters NkT and
X along with Poisson’s ratio v;=,

CNKT[  l+e 1

- . (19)
deg [(1-vie) 1+&

g

This is the nonlinear stress—strain relation for the long-time
limit. Because the presence of strain-dependent v,—.,, this
stress—strain relation is not explicit.

Linearized relation is obtained by taking the leading
term of €. 0, = 0 and Eq. (18) give Poisson’s ratio

Vi=co |g:0

_ 1 _ NV//leq (20)
20 2NV/A3 +2/(A3 - 1) = 2/3, — 4y /28,

Figure 4a shows the Poisson ratio v,—, as a function of strain
&, for different materials parameters and corresponding equi-
librium swelling ratio Aeq, namely (Nv = 0.001, y = 0.2,
deqg = 3.215), (Nv = 0.01, y = 0.2, deq = 2.125), and
(Nv = 0.05, y = 04, 1,4 = 1.513). The approximated
Poisson’s ratios for the infinitesimal strain are marked as
* in each curve. The results show that Poisson’s ratio has
strain dependence, but not very strong as for a fairly wide
range of strain (from —10% to 10%), Poisson’s ratios varies
slightly. Secondly, it is also observed that Poisson’s ratios
are around 0.25 for these three materials properties. There-
fore, Poisson’s ratio of the gel at the long-time limit can be
approximately considered as strain independent and given by
Eq. (20).

Given that Poisson’s ratio v,—., can be considered as
strain independent, the nonlinear stress—strain relation at the
long-time limit (Eq. (17)) can be linearized by taking the lin-
ear term of strain &, which gives a very simple relation,

_2NKT (1 +ve) e

e 21

g1
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0.06
—— Nonlinear stress-strain relation (Eq. (19))
0.049 -.-. Linearized stress-strain relation (Eq. 21).=
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—04 —0.2 0.0 0.2 04
Nominal strain &

Fig. 4 A fully swollen gel subjected to uniaxial tension for both
nonlinear constitutive and linearized constitutive relations at long-
time limit. a Poisson’s ratio v,—., versus nominal strain &, where
“*¥” denotes the linearized value; b Normalized stress o v/kT ver-
sus nominal strain €. Three material parameters and corresponding
swelling ratio are used, namely (Nv = 0.001, y = 0.2, Aq = 3.215),
(Nv = 001, y = 0.2, Aeq = 2.125), and (Nv = 0.05, y = 0.4,
Aeq = 1.513)

The prefactor defines the elastic modulus at the long-
time limit for infinitesimal strain,

INKT (1 + veo)

e (22)

El=00|5=0 =
Recalling Eq. (13), the relation between the elastic moduli
at the short-time limit and long-time limit for infinitesimal
strain is given by
2(1 +ve)
3 .
Asve < 1/2, Eimcolpmg < Ei=0+|s=0, Which indicates as time
evolves the solvent migrates out of the gel and the gel be-

comes softer. More surprisingly, the shear modulus at the
long-time limit

Et:00|8:() = Et:04r |s:0 (23)

NkT
Aeg

El:wle‘:o

2(1 +ve) @4)

GtZOOlg:O = = Gt:()+|5:o =
by using Eq. (15). The same shear modulus at the short-

time and long-time limits is because the difference for these
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two limits lies on the volumetric compressibility, i.e., incom-
pressible at the short-time limit and compressible at the long-
time limit. However, the shear modulus characterizes the re-
lation between shear stress and shear strain, which does not
induce volumetric change. Therefore, the shear moduli at the
short-time and long-time limits are the same.

Figure 4b shows the normalized stress o v/kT as a func-
tion of nominal strain € for both nonlinear relation (Eq. (19))
and linearized relation (Eq. (21)) for different materials pa-
rameters and equilibrium swelling ratio Aeq, namely (Nv =
0.001, x = 0.2, d¢q = 3.215), (Wv = 001, y = 0.2,
Aeq = 2.125), and (Nv = 0.05, y = 04, A,q = 1.513).
Similarly to Fig. 3 for short-time limit, the nonlinear and
linearized stress—strain relations agree very well for a very
wide range of strain, from —20% to +30%. The gel with
larger equilibrium swelling ratio also shows better linearity
compared with that with smaller equilibrium swelling ratio.
Thus Fig. 4b shows that the linearized stress—strain relation
is a good approximation to the nonlinear stress—strain rela-
tion, even for a reasonably large strain at the long-time limit.

The studies in this section conclude that the fully
swollen gel behaves pronounced linear stress—strain relation
for a significant range of strain. Therefore, the porelasticity
model can capture the stress—strain behavior of fully swollen
gel even for large strain. The moduli for short-time and long-
time limits depend on the modulus of the dry polymer and
the swelling ratio.

3 Finite element analysis of gel indentation with large
deformation effect

Figure 2 has shown that the large deformation plays a crit-
ical role on indentation for hard materials. In this section,
we will examine this effect by indenting a fully swollen gel
that presents good linear stress—strain behavior as shown
in Sect. 2. The finite element analysis is conducted in
ABAQUS and the two extreme cases, namely, short-time
and long-time limits, are discussed separately. The consti-
tutive relation of gels is implemented in ABAQUS via its
user-defined hyperelastic material (UHYPER) [22].

3.1 Short-time limit: a transient analysis

At short-time limit upon a fully swollen gel subjected load,
the solvent has no time to migrate so that the balance be-
tween the solvent inside and outside the gel is broken. The
chemical potential of the solvent inside the gel thus instan-
taneously deviates from its initial value (u = 0) at the fully
swollen state and the deviation depends on the specific load.
Therefore, the chemical potential of the solvent inside the gel
is a field variable as the stress and strain of the gel are non-
uniform upon indentation. This is a transient problem of cou-
pled deformation and diffusion. Zhang et al. [23] has devel-
oped a user element in ABAQUS to study this coupled prob-
lem to treat displacement and chemical potential as indepen-
dent field variables. An alternative way is to utilize the anal-
ogy between diffusion and heat transfer as they are all trans-
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port problem with similar governing equations. An approach
to implement this analogy in ABAQUS has developed using
a user-defined heat transfer subroutine (UMATHT) in which
the chemical potential is analogous to temperature and the
coupled displacement and thermal elements in ABAQUS can
be used to study the coupled displacement and diffusion. The
evolution of temperature is thus equivalent to that of chemi-
cal potential of solvent.

At the short-time limit, the fully swollen gel is incom-
pressible. For large deformation, this incompressibility con-
dition requires
det (F) = 23, (25)
where F is the deformation gradient with the dry state as the
reference state. To implement this condition, a penalty func-
tion is added to the subroutine UHYPER.

It should be noticed that this transient analysis should be
rigorously evaluated at vanishing time, i.e., # — 0*, which
impose difficulty on the numerical implementation. Mean-
while, this transient analysis is also subjected to the incom-
pressible constraint, which actually is an effective require-
ment for short-time limit as the gel is compressible right
after + > 0. For the sake of simplicity of numerical im-
plementation, we use relatively large time and the incom-
pressible condition in the simulations for short-time limit
and we find this treatment is very accurate. To bench-
mark this implementation, we study the uniaxial tension
of a fully swollen gel using 640 three-dimensional cou-
pled displacement-temperature elements (C3D8T elements
in ABAQUS) and the finite element results totally collapse
with the stress—strain relation given by Eq. (11) as shown in
Fig. 5. The material parameters are Nv = 0.001, y = 0.2, and
the corresponding equilibrium swelling ratio deq = 3.215.

x107°
1.2
Short-time stress-strain relation (Eq. (11))
o Finite element result

0.8
g
=
&
s
& 044

0 T T T T
0.0 0.2 04 0.6 0.8 1.0

Nominal strain &

Fig. 5 Normalized stress o1 v/kT versus nominal strain € of a fully
swollen gel subjected to uniaxial tension at the short-time limit, ob-
tained by both finite element analysis and analytical results. The
material parameters are Nv = 0.001, y = 0.2, A4 = 3.215

The gel indentation is then studied using this approach.
A spherical indenter with radius R = 9 mm is modeled as a
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rigid and impermeable material. A fully swelling gel is mod-
eled by 12395 C3DST elements. To capture the localized
deformation in the gel, around 400 elements are used under-
neath the indenter. The contact between indenter and gel is
considered frictionless. Both nonlinear and linearized con-
stitutive relations are used to characterize the gel. As the de-
formation is three-dimensional, the nonlinear constitutive re-
lation is described by the UHYPER subroutine, which equiv-
alently gives Eq. (4). To compare with the linearized model,
the porelasticity model (Eq. (3)) is also used with the shear
modulus G given by Eq. (15) and Poisson’s ratio v = 0.5.
Figure 6a shows the indentation force F versus indentation
depth & for both nonlinear and linearized stress—strain rela-
tions with material parameters Nv = 0.001, y = 0.2, and
the corresponding equilibrium swelling ratio A4 = 3.215.
There is distinguishable difference between nonlinear and
linearized constitutive relations when the indentation depth
approximately exceeds 1 mm, though this discrepancy is mi-
nor.

i)
NG
~

Indentation force F/N

Nonlinear constitutive relation

00 05 10 15 20 25 30
Indentation depth 4 /mm

b x10~*
6

§ 5 | Calculated from Eq. (26

-

o

ENRS

=

3

g

§ 34

= Reference from Eq. (27)
2

00 05 10 15 20 25 30
Indentation depth /#/mm

Fig. 6 Indenting a fully swollen gel with normalized shear modulus
Nv = 0.001 and the solvent-polymer interaction parameter y = 0.2
by a rigid spherical indenter with radius of 9 mm at the short-time
limit using finite element analysis. a Indentation force F' versus in-
dentation depth /; b Shear modulus G,—+v/kT versus indentation
depth &

A more important evaluation is if the indentation force
can be used to calculate the shear modulus of the gel. Given
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that the fully swollen gel is incompressible at the short-time
limit (i.e., vi=o+|.—9 = 1/2), the indentation force F for a
spherical indenter with radius R and indentation depth £ is
given by Egs. (1) and (2),

16GR'?h3/?
3 .
Thus by knowing F' (0) and 4 for given R, the shear modulus
of a fully swollen gel can be calculated. Based on Eq. (15),
the normalized shear modulus of a fully swollen gel is
Gi=otls=0v _ N v @7
kT Aeg
where Nv = 0.001 and A, = 3.215 in this finite element
analysis. Equation (27) provides a reference as the bench-
mark for the shear modulus obtained from Eq. (26).

F(0) = (26)

Figure 6b compares the shear modulus of the fully
swollen gel calculated from the indentation force F (0)
(Eqg. (26)) and the reference given by Eq. (27). As the in-
dentation is shallow (i.e., very small #), the calculated shear
modulus is consistent with the reference value, though there
are some oscillations, which is caused by the numerical er-
rors (or equivalently experimental errors) for very shallow
indentations. This consistency indicates that the indenta-
tion experiment does provide a way to calculate the shear
modulus of a fully swollen gel. When the indentation depth
h increases, the oscillation becomes smaller; however, the
calculated shear modulus starts to significantly deviate from
the reference. Large deformation again makes Eq. (26) (or
equivalently Eq. (2)) invalid as the hard materials do. In or-
der to resolve this deviation or the effect of large deformation
and keep using the simply equation as Eq. (2), empirical cor-
rections have been applied [14]. These correction functions
are helpful to calculate the shear modulus from the measured
indentation force for large deformation but they are material
specific. The advantage of the simply indentation experi-
ments is somewhat mitigated.

These studies show that at the short-time limit, the in-
dentation experiment do not provide a robust approach to
measure the shear modulus of the fully swollen gel. If the
indentation depth is very small, Eq. (26) (or equivalently
Eq. (2)) is valid. However, the noise from such a small defor-
mation makes the results oscillation, which provides another
uncertainty for the measurement. If the indentation depth is
large, the relation between indentation depth and shear mod-
ulus is not valid any longer.

3.2 Long-time limit: a static analysis

At long-time limit, solvent has sufficient time to migrate in
and out of the gel and a new equilibrium state is reached.
Solvent inside balances with solvent outside, characterized
by an uniform chemical potential © = 0 everywhere in-
side the gel. It is thus a steady state problem, in which the
chemical potential is just a parameter but a field variable.
Therefore, the active degree of freedom is just displacement.
The stress—strain relation is implemented via UHYPER in
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ABAQUS. A similar benchmark is conducted by studying
an uniaxial tension of a fully swollen gel, similar to that for
the short-time limit. 640 three-dimensional displacement el-
ements (C3D8 elements in ABAQUS) are used. Figure 7
shows that the finite element results completely agree with
the stress—strain relation given by Eq. (21). The material pa-
rameters are Nv = 0.001, y = 0.2, and the corresponding
equilibrium swelling ratio deq = 3.215.

X107
8

—— Long-time stress-strain relation (Eq. (21))
o Finite element results

Stress o/kT
~

00 02 04 06 08 1.0

Nominal strain &

Fig. 7 Normalized stress o v/kT versus nominal strain € of a fully
swollen gel subjected to uniaxial tension at the long-time limit, ob-
tained by both finite element analysis and analytical results. The
material parameters are Nv = 0.001, y = 0.2, 2, = 3.215

For long-time limit experiment, the main interest is to
measure the Poisson’s ratio. Given that the shear moduli
are the same for short-time and long-time limits and a fully
swollen gel is incompressible at the short-time limit, Eq. (2)
gives a ratio between indentation forces at the short-time
(i.e., F (0)) and at the long-time limit (i.e., F (c0)),

F(0)
Floo) = 2(1 = Vi) - (28)

Using Eq. (28), the Poisson’s ratio is calculated as a
function of the indentation depth / as shown in Fig. 8a. Here
only the nonlinear stress—strain relation (i.e., Eq. (4)) is used.
The material parameters are Nv = 0.001, y = 0.2, and the
corresponding equilibrium swelling ratio deq = 3.215. At
smaller indentation depth, the Poisson’s ratio is about 0.28,
which is within the range of Poisson’s ratio presented in
Fig. 4a. Therefore, the ratio in Eq. (28) can be used to mea-
sure the Poisson’s ratio, though the oscillation is apparent for
very small strain. However, as the increase of the indentation
depth, the Poisson’s ratio increases and shows a fairly strong
dependence on the indentation depth. The reason is that in-
trinsic dependence on strain of Poisson’s ratio at long-time
limit (Eq. (18)) becomes more pronounced for large strains
where usually occur underneath the indenter. Figure 8b il-
lustrates the strain contour for 2 = 1.5 mm, where the max-
imum strain underneath the indenter exceeds 30% but the
smaller strain in the gel is only 2%.
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Fig. 8 Indenting a fully swollen gel with normalized shear modulus
Nv = 0.001 and the solvent-polymer interaction parameter y = 0.2
by a rigid spherical indenter with radius of 9 mm at the long-time
limit using finite element analysis. a Poisson’s ratio v,—., versus
indentation depth /; b strain contour for 4 = 1.5 mm

This study shows that as the Poisson’s ratio is strain de-
pendent as shown in Fig. 4a and indentation leads to very
non-uniform strain state, the Poisson’s ratio calculated from
the ratio between the indentation forces at the short-time and
long-time limits has a fairly strong dependence on the strain
and can not be considered as a material property.

4 Proposed experiment: uniaxial compression

The limitations of the indentation on gels mainly are resulted
from two factors, (1) the basic equation to relate the inden-
tation force and indentation depth is usually for infinitesi-
mal deformation (e.g., Eq. (2) for spherical indenter) and its
counterpart for large deformation has no explicitly analyti-
cal expression, and (2) the strain state is non-uniform. To
overcome these limitations, an uniaxial compression experi-
ment is proposed as shown in Fig. 9, where a fully swollen
gel in cylindrical shape is uniformly compressed by two im-
permeable plates. The interface is lubricated by hydrophobic
materials to allow lateral deformation.

2
The size of the fully swollen gel is 7 (RAeq) X Hiegs
where mR? x H is the size of the dry gel. At short-time limit,

from Egs. (7), (8) and (11), the applied force F (0) and the
nominal strain & follows this relation

F(0) = NkT AeqnR* |1 + & —

. 29
1+ &) 29)
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Fig. 9 Schematic of a fully swollen gel under uniaxial compression

At long-time limit, from Egs. (16) and (19), the applied
force F (o0) and the nominal strain & follows this relation

(1 = viewe)

I+e& (30)

F (00) = NkT AeqniR? |1 + & —
The two curves, F (0) vs. & and F (o0) vs. g, are able to
calculate NkT and v;—c..

5 Concluding remarks

In this paper, we have conducted both analytical modeling
and finite element analysis to evaluate the effects of large
deformation and material nonlinearity on gel indentation ex-
periment. Specifically, we have analyzed if the basis of in-
dentation, namely relation between the indentation force and
indentation depth with the prefactor related to the modulus of
indented material, can be accurately applied to gel in which
the deformation is large and the material behavior is non-
linear. The analytical modeling is based on a coupled large
deformation and mass diffusion model and the finite element
analysis uses two user-defined subroutines, UMATHT and
UHYPER, in finite element package ABAQUS. It is found
that large deformation significantly deviates the relation be-
tween indentation force and indentation depth from that for
small deformation. Thus, the classical relation between in-
dentation force and depth can be only applied to very shallow
indentation, which extremely limits the application to the gel
indentation since the gel is soft and the deformation is usu-
ally large. This paper also found that the material nonlinear-
ity does not play a very important role on indentation exper-
iment so that the poroelasticity that has been used in many
existing studies is a good approximation. Based on these ob-
servations, this paper also proposes an alternative approach
to measure the mechanical properties of gels, namely, uniax-
ial compression experiment. The proposed approach can be
applied to both small and large deformation and the material
nonlinearity has been included. Besides the large deforma-
tion and the material nonlinearity effects that are studied in
this paper, the size effects of the contact region and the in-
dent material are also expected to be important to evaluate
the indentation experiment, which is a separate topic to be
studied.
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