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Computational indentation in highly cross-linked polymer networks
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Indentation is a common experimental technique to study the mechanics of polymeric materials. The main
advantage of using indentation is this provides a direct correlation between the microstructure and the small-scale
mechanical response, which is otherwise difficult within the standard tensile testing. The majority of studies have
investigated hydrogels, microgels, elastomers, and even soft biomaterials. However, a less investigated system
is the indentation in highly cross-linked polymer (HCP) networks, where the complex network structure plays
a key role in dictating their physical properties. In this work, we investigate the structure-property relationship
in HCP networks using the computational indentation of a generic model. We establish a correlation between
the local bond breaking, network rearrangement, and small-scale mechanics. The results are compared with the
elastic-plastic deformation model. HCPs harden upon indentation.
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I. INTRODUCTION

Polymers are ubiquitous since the early start of life in the
form of natural rubber, starch, and cellulose [1–4]. However,
the concept of synthetic polymers is relatively new, which
was first proposed in the pioneering work of Staudinger [5].
Polymers are of particular interest because the relevant en-
ergy scale in these materials is about kBT at the ambient
temperature, thus their properties are dictated by the large
conformational and compositional fluctuations [6–9]. Here
kB is the Boltzmann constant. Therefore, polymers provide
a suitable platform for the flexible design of advanced soft
materials. For example, polymers are widely used for lubrica-
tion [10–13], confinement mechanics of biological materials
[14–17], smart materials [8,18,19], thermoelectrics [20,21],
and common daily-use materials [22–25], to name a few.

Traditionally linear polymers are commonly used for var-
ious applications [6–8,22], while more recent interests have
been directed towards the cross-linked polymers that range
from elastomers (weakly cross-linked) to epoxies (highly
cross-linked) [26–28]. Cross-linked, in particular highly
cross-lined polymers (HCP), are important because they
are light-weight, high-strength materials that can also have
self-healing properties [29–32]. Here one of the important
physical properties of HCPs, and polymers in general, is their
mechanical response [26–28]. Therefore, a more in-depth
understanding of the mechanics is needed for the advanced
applications of polymeric materials with tunable properties.

Experimentally, two of the most common techniques are
the tensile (or shear) deformation [29,30,33,34] and the
nano-indentation [35–40]. The former technique has been
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extensively employed in the standard experimental setups
[28–30] and in a variety of computational studies [26,27],
which gives the bulk mechanics. However, within the tensile
studies, the localized force response due to the small-scale
complex structures becomes exceedingly difficult to extract.
In this context, mechanical indentation may serve as a better
technique, where extensive recent experimental efforts have
been performed [35,36,41], while computational indentation
studies in polymers are rather limited [42]. Additionally, in-
dentation experiments are used to measure the hardness of
materials and have the basic goal of quantifying materials’
resistance to plastic deformation.

Indentation-based techniques have been extensively em-
ployed for the polymeric systems, such as hydrogels, micro-
gels, and elastomers [37,38,43] and often used to measure the
mechanical stiffness in the biological cells [44,45]. Moreover,
similar studies in HCP are limited. Here, using large-scale
molecular dynamics simulations of a generic model, we have
studied the mechanics of HCP networks with different func-
tionalities using computational indentation. To the best of our
knowledge, until now the computational works have “only”
employed the tensile deformation for polymers [46–51], and
the indentation simulations are usually performed on the
crystalline nanostructures [52]. Therefore, the investigation
discussed herein is an attempt that employs the indentation
technique for HCPs within a generic mesoscale framework.

We note in passing that for this study we have employed
a (chemically independent) generic model. While generic
models are extremely useful to make qualitative comparisons
with the experiments, they do not provide any quantitative
agreement with a chemical specific system. Moreover, for the
HCP networks, very little experimental information is known
regarding the network microstructures, and thus even an all-
atom representation of HCP does not guarantee any realistic
case known from a native chemical system. Therefore, we
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have deliberately chosen to use generic model where tuning
the system parameters for the desired property is rather trivial.

The remainder of the paper is organized as follows: In
Sec. II we sketch our methodology. Results and discussions
are presented in Sec. III, and finally, the conclusions are drawn
in Sec. IV.

II. MODEL AND METHOD

HCP networks with two different network functionalities n
are chosen for this study. Here n defines the maximum num-
ber of bonds that a monomer can form with its neighboring
monomers. We have chosen a system of trifunctional (n = 3)
and a tetrafunctional (n = 4) networks. The systems consist
of N = 2.53 × 105 Lennard-Jones (LJ) particles randomly
distributed within a cubic box at an initial monomer number
density ρm = 0.85σ−3. The simulations are performed using
the LAMMPS molecular dynamics package [53].

A. Interaction potentials

We employ a generic molecular dynamics simulation ap-
proach. Here the nonbonded monomers interact with a 6–12
LJ potential unb(r) = 4ε[(σ/r)12 − (σ/r)6] − ucut if the dis-
tance r between two monomers is less than a cutoff distance
rc = 2.5σ . unonbonded(r) = 0 for r > rc, and ucut is chosen
such that the potential is continuous at rc. Here ε and σ are the
LJ energy and the LJ length, respectively. This leads to a unit
of time τ = σ

√
m/ε, with m being the mass of the monomers.

The unit of force F is ε/σ . The values representative of the
hydrocarbons are ε = 30 meV, σ = 0.5 nm, and τ = 3 ps.
The unit of pressure P◦ = 40 MPa [54].

The equations of motion are integrated using the velocity
Verlet algorithm with a time step 0.005τ , and the temperature
is set to T = 1ε/kB, which is much higher than the typical
glass transition temperature Tg � 0.4ε/kB in these networks
[26,27], thus representing a HCP gel phase. The temperature
is imposed using a Langevin thermostat with a damping coef-
ficient of γ = 1τ−1. The initial LJ system is equilibrated for
5 × 105 steps.

To model the HCP networks, we have used two different
bonded interactions ub(r): the finitely extensible nonlinear
elastic (FENE) [54] and the quartic potential [26,55].

B. Network cure

During the network formation FENE is used, where a bond
between two monomers is defined by the combination of the
repulsive 6–12 LJ potential,

ub(r) = 4ε

[(σ

r

)12
−

(σ

r

)6
+ 1

4

]
for r < 21/6σb, (1)

and the FENE potential,

uFENE(r) = −1

2
kR2

◦ ln
[
1 −

( r

R◦

)2]
. (2)

Here k = 30kBT/σ 2 and R◦ = 1.5σ . This gives a typical bond
length of �b � 0.97σ [54]; see the black curve in Fig. 1.

Because the indentation is performed along the z direction,
the starting configuration (before curing) consists of a homo-
geneous sample of LJ particles at ρm confined between two
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FIG. 1. Interaction potentials between the bonded monomers
ub(r) as a function of intermonomer distance r. The quartic param-
eters are taken from the literature [55]. The equilibrium bond length
for these models is around �b = 0.97σ represented by the vertical
line.

repulsive walls along the z direction. The periodic boundary
conditions are employed in the x and the y directions. The
bonds are allowed to form between the monomers using a pro-
tocol proposed in some of our earlier works [56,57]. Within
this protocol, the bonds are randomly formed between two
monomers when (1) two particles are closer than 1.1σ dis-
tance, (2) monomers have not formed the maximum number
of possible bonds limited by n, and (3) a random number
between zero and one is less than the bond forming probability
of 0.05. The network curing is performed for tcure = 5 × 103τ

during the canonical simulation. Here tcure is sufficient to at-
tain close to 99% cure; see Fig. 2. This procedure also ensures
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FIG. 2. Curing percentages C during the formation of total num-
ber of bonds Nb with time t for two network functionalities n. The
data are shown for the trifunctional (n = 3) and the tetrafunctional
(n = 4) systems. Network cure is performed via FENE bonds; see
Eq. (2). Note that for the representation purpose we have shown
results only for the initial time of 5τ , while the total simulation time
is 5 × 103τ .
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a rather homogeneous bond formations within the sample; see
Fig. 8 in Appendix A.

After the network curing stage, systems are equilibrated
for tNPT = 2.55 × 103τ at zero pressure. Here pressure is em-
ployed using a Nose-Hoover barostat with pressure-damping
parameter γp = 0.5τ .

C. Computational indentation

For the indentation simulations, we have used a quartic
potential [55],

uquartic(r) = kr̃2(r̃ − B1)(r̃ − B2) + u◦. (3)

Here k = 2351kBT /σ 4, r̃ = r − Rc, Rc = 1.5σ , B1 = 0,
B2 = −0.7425σ , and u◦ = 92.744kBT . This potential ensures
bond breaking if the distance between two bonded monomers
is larger than Rc.

An implicit spherical indenter of radius R is used. The
force acting on the indenter is obtained by summing the
force contributions of the first shell surrounding monomers.
Here the individual force is calculated using the derivative of
uindenter (r) = K (r − R)2, where K = 100 kBT/σ 2 is the force
constant and r is the distance from the atom to the center
of the indenter. The indentation is performed at a constant
velocity v = 0.005σ/τ and in the microcanonical ensemble.
Two indenters with R = 5.0σ and 15.0σ are chosen for this
work.

We note in passing that we have also conducted simulations
at v = 0.05σ/τ . The results showed no noticeable difference
for the tetrafunctional sample, while a significant difference
was observed for the trifunctional system (data not shown).
Therefore, we have chosen v = 0.005σ/τ below which the
mechanical response remains invariant irrespective of the net-
work functionality. To test the reproducibility of the data, we
have performed three sets of simulations for R = 5.0σ and
for both functionalities. The data are shown by Fig. 13 in
Appendix F.

III. RESULTS AND DISCUSSION

A. Force response upon indentation

We start by discussing the mechanical response of a tetra-
functional HCP network. Figure 3 shows the typical force F
versus indentation d behavior for two different R. Other than
the generic behavior, i.e., the increase in F with increasing
d , one interesting feature that can be seen is the sudden force
drop �F at various d . Note that we define �F only when its
magnitude is larger than the percentage of error fluctuation
calculated in the elastic regime, i.e., below bond breaking
indicated by the black arrows in Fig. 3. Such a force drop is
a well-known phenomenon in the mechanical response of the
glassy materials, where the atomic rearrangements during de-
formation can lead to such force drops [58]. This phenomenon
is commonly referred to as the avalanche. In our study, how-
ever, we are dealing with a rather rigid cross-linked network
that has microscopically different molecular connectivity in
comparison to the common glasses.

What causes such avalanche-like deformation in HCP? To
investigate this issue, we have calculated the percentage of
bond breaking B as a function of d . It can be appreciated

FIG. 3. Force F and the percentage of broken bonds B as a
function of the indentation depth d . (a, b) Data for the indenter radius
R = 15.0σ (a) and 5.0σ (b). The color codes of the data sets are
consistent with their corresponding y axes. Data are shown for an
indentation velocity of 0.005σ/τ and for a tetrafunctional network.
Vertical lines highlight the major drops in F and the corresponding
B. Initial depletion zones below d < 10.0σ (a) and d < 5.0σ (b) are
because the lowest part of the indentation tips are certain distance
away from the network surface. Arrow indicates at the d values
where the bond breaking starts. The insets show different pictorial
representations of the indentation tips entering the sample at different
d . The top and the bottom panels show the cases just before and after
the bond breaking in the samples, respectively.

that �F (see the black data sets in Fig. 3) is directly related
to the large number of broken bonds (see the light gray data
sets in Fig. 3). This behavior is quite expected because the
strongly interacting bonded monomers can significantly resist
the deformation. When the bonds break, they induce large
force drops in HCPs. In the insets of Fig. 3 we show the
possible pictorial representations of the cases just before and
after the bond breaking in these samples. Such avalanches,
induced by the bond breaking, were also observed in a com-
bined experimental and simulation study on soft polymer
networks [42].

Figure 3 also reveals that �F is more prominent for R =
5.0σ in comparison to R = 15.0σ . This behavior is not sur-
prising given that the smaller indenter can delicately monitor
the bond breaking that occurs at the monomer level, while
the larger indenter tip can monitor only a larger group of
monomers that on average contribute to F and B. We also note
in passing that the standard tensile deformation can investigate
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FIG. 4. Distribution of the force drops P(�F ) obtained from
Fig. 3(b). �F is calculated at the onset of bond breaking in the
tetrafunctional networks. The data are shown for an indenter radius
R = 5σ . The lines are power-law fits, �F−1.0 (for 10−4 < �F <

10−3) and �F−1.8 (for �F > 10−3). We have also added the data cor-
responding to the unloading cycle. The data are averaged over three
different simulation runs, as described by Fig. 13 in Appendix F.

only the bulk mechanical behavior [27], while the indentation
simulations can reveal the small-scale microscopic structural
details because of the localized deformation, which is also
intrinsically related to R. Additionally, the relatively larger
F values for R = 15.0σ is because this indenter tip has on
average a larger number of monomers that are directly in
contact with it.

As discussed above, the observed trends in �F are rem-
iniscent of the mechanics of amorphous materials. It would
therefore be interesting to see whether the distribution of
�F follows a scaling law as is the case for sheared amor-
phous systems [59]. For this purpose, we have also calculated
distribution of �F for our systems P(�F ). The correspond-
ing data are shown in Fig. 4. It can be appreciated that the
data show three regimes: a plateau for �F < 10−4, P(�F ) ∝

�F−1.0 for a narrow region 10−4 < �F < 10−3, and finally
P(�F ) ∝ �F−1.8 for �F > 10−3. For the elastic-plastic de-
formation of glassy systems, most of the studies have focused
on the distribution of avalanches in the stationary regime. In
these cases, three-dimensional simulations have reported the
exponents within the range of 1.2–1.3 [59,60]. However, only
a few works have dealt with the transient regime, and results
obtained so far suggest either a similar value of the avalanche
exponent as in the stationary regime [60] or smaller [61].
In this context, the gel phase of HCP systems investigated
here is microscopically different from the traditional mono-
atomic glass formers. Therefore, we can only point toward
the relatively close value of the avalanche exponent without
attempting to state precisely why this description still holds
in our case. Moreover, the close resemblance of the mechan-
ical behavior observed between two microscopically distinct
systems may direct towards a more generic mechanical picture
of the jammed systems. We also note in passing that the
goal of this work is not to study the scaling laws of P(�F ),
rather to study only any possible close resemblance with the
avalanche-like behavior. Therefore, we abstain from going
into further detail on this aspect.

B. Mechanics during loading and unloading

In the typical elastomers, microgels, hydrogels, and/or
polymers, the deformation is usually viscoelastic in nature
upon small deformations. However, mechanical indentation
in HCPs also induces a significant amount of bonds breaking
and thus is expected to follow the elastic-plastic deforma-
tion. In this context, it has been previously shown that the
depth sensing of the materials can be investigated within
the loading-unloading setup [62]. Furthermore, the hardness,
stiffness, and effective elastic modulus of a sample can be
readily calculated. Therefore, in this section we investigate
HCPs under cyclic loading.

Figure 5 shows the mechanics of HCPs during the loading
and the unloading cycles. The significant hysteresis indicate
at a large plastic deformation in the samples, resulting from
a large number of the broken bonds. Furthermore, the strong
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FIG. 5. Same as Fig. 3, however, during both loading and unloading cycles. Arrows indicate the corresponding loading and unloading
curves. [(a), (b)] Data for the indenter radius R = 15.0σ (a) and R = 5.0σ (b). For clarity of presentation, we have shown only four data sets
in (a). More data are presented in Fig. 9 in Appendix B.
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TABLE I. Observables for the calculation of effective elastic modulus Eeff in Eq. 4. Data are shown for the tetrafunctional networks and
for two different indenter radius R. dmax and Fmax are the maximum displacement and force just before the unloading, respectively. The slope
S is calculated from the initial linear regime during unloading. dc is the contact depth between the spherical indenter and the sample, and A is
the contact area. Note that for the calculation of dmax, the initial depletion zones in Fig. 5 are subtracted.

R [σ ] dmax [σ ] Fmax [kBT/σ ] S = dF
dd [kBT/σ 2] dc [σ ] A [σ 2] 102Eeff [kBT/σ 3]

15.0 4.1 0.006 0.0029 2.5 215.98 17.49
9.0 0.038 0.0087 6.5 479.88 35.20

15.8 0.111 0.0194 11.5 668.37 66.50
18.5 0.147 0.0226 13.6 700.70 75.66
20.5 0.158 0.0234 15.4 706.36 78.03
26.5 0.137 0.0204 21.5 574.13 75.45

5.0 10.4 0.013 0.0038 7.9 52.12 46.65
14.6 0.013 0.0025 10.7 — —
21.0 0.008 0.0021 18.1 — —

undershooting, F < 0 for R = 5.0σ , in Fig. 5(b) is because
an unloading cycle pulls a certain number of monomers that
induces a negative pressure in the samples. This behavior is in
good agreement with a set of recent experiments on hydrogels,
where large force drops during the loading cycles and strong
hysteresis during the unloading cycles were observed [63].
It should also be highlighted that the most severe effects of
hysteresis are observed for d � 2R. We will come back to this
point below.

Having shown the mechanics during the loading and the
unloading cycles, we will now investigate if the relevant sys-
tem properties can be extracted from the data in Fig. 5. In this
context, there is a theory that connects the mechanics under
the unloading cycles to the material stiffness via the so-called
effective elastic modulus Eeff [62],

Eeff = S

2

√
π

A . (4)

Here S = dF/dd is calculated from the initial displacements
during the unloading cycles. The contact area for a spherical
indenter can be estimated using A = 2πRdc − πd2

c , and the
contact depth between the indenter and the sample is dc =
dmax − 0.75Fmax/S. We note in passing that this theory was
initially developed for the Berkovich contact [62]. It is widely
used in typical micro- and nano-indentation experiments. A
more general treatment is discussed there dealt with different
indenter shapes [62].

Using Eq. (4) we have calculated Eeff during the unloading
at different indentation depths and for both R. The data are
compiled in Table I. For R = 15.0σ , it can be appreciated that
Eeff increases with increasing dmax, before reaching a plateau
at dmax > R. This length scale is also consistent with the d
value at which the force plateaus in Fig. 5.

The stiffening upon deformation is reminiscent of the
strain-hardening behavior in polymeric materials [57,64]. In
this context, it has been previously shown that a tetrafunc-
tional HCP can strain-harden under tensile deformation [27].
There it was argued that the network curing protocol induces
a significant amount of free volume within the cured samples.
These free volumes usually collapse to form rather large pro-
tovoids centers, where the monomers around the periphery of
a protovoids can statistically form bonds pointing away from
each other. During the tensile deformation, these protovoids

open up by disrupting the van der Waals (vdW) contacts and
thus may be a possible cause for the strain hardening. In
contrast to the tensile testing, indentation compresses a sam-
ple. Such compression-induced hardening results from two
effects: (1) the small-scale tension that builds up when the
certain number of bonds are pulled taut, while some other are
compressed, and (2) the two boundaries of a protovoid inter-
acting via vdW forces that can plastically slide past each other.
These two combined effects lead to the major contributions to
the increased Eeff , which we name indentation hardening.

Equation (4) also shows that for dmax > 2R and R = 5.0σ ,
Eeff is not defined. This is particularly because Eq. (4) holds
only for the small relative indentations, i.e., when dc � 2R.

The theoretical treatment described above does not account
for the dynamics, such as the systems exhibiting viscoelastic
deformation. Here one may expect the force relaxation to
be significantly faster than the structural relaxation. On the
contrary, a HCP network is microscopically different, where
the system shows a elastic-plastic deformation via bond
breaking during the indentation; see Fig. 5. Furthermore, we
find that the relaxation of F is significantly slower than the
structural relaxation; see Fig. 10 in Appendix C.

We also wish to highlight that the HCP networks inves-
tigated here are in their gel phase where the high-frequency
elastic contacts due to the chain connectivity in the network
architectures play the crucial role in restoring the network
structures. The mode of this temporal relaxation is shown in
Fig. 10 in Appendix C.

C. Effect of network functionality

The network functionality n is also expected to signifi-
cantly impact the force response. For this purpose, here we
show the system with R = 5.0σ where the most prominent
force drops are observed [see Fig. 3(b)] while the data for
R = 15.0σ are presented in Fig. 11 in Appendix D.

Figure 6 shows the effect of n on the mechanical re-
sponse. It can be appreciated that the trifunctional system
can withstand an almost twice larger indentation depth before
the bond breaking happens in a sample. For example, bond
breaking starts at d � 11.0σ for a tetrafunctional sample [see
Fig. 3(b)], while it is about d � 21.0σ for a trifunctional
system (see the inset in Fig. 6). This is particularly because the
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FIG. 6. Same as Fig. 3(b), but for two different network function-
alities. The inset also includes the percentage of bond breaking B for
the trifunctional network. For this network, bond breaking starts at
around a depth of d � 21.0σ . Data are shown for an indenter radius
R = 5.0σ .

lower bond density of a trifunctional sample, in comparison
to a tetrafunctional sample, can withstand a larger elastic
deformation. Furthermore, a trifunctional system is twice as
ductile as a tetrafunctional sample, while the maximum force
these samples can withstand also reduces by about a factor
of two for the former (see the main panel in Fig. 6). These
results are reasonably consistent with the HCPs under the
tensile deformations [57].

D. Effect of network curing percentage

One of the most important features of the HCP networks is
that their mechanics can be tuned almost at will by tuning the
amount of cure in the sample. Therefore, in this section we
aim to investigate the effect of curing on the mechanics of
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FIG. 7. The first maximum at the force drop F̃ and corresponding
depth d̃ as a function of the percentage of the network cure C. The
data are shown for two different network functionalities and for an
indenter radius R = 5.0σ . Note that for the calculation of d̃ , the
initial depletion zones in the force-extension curves are subtracted.

the samples. For this purpose, we have calculated the force-
indentation behavior for a different percentage of cure C; see
below. From these data sets, we extract the force at the first
maximum drop F̃ and the corresponding indentation depth d̃ .
Figure 7 shows the variation of F̃ and d̃ with the change in C.
The data clearly indicate a reasonable linear variation that can
serve as a guiding tool for the possible synthesis of epoxies
with tunable mechanical response.

IV. CONCLUSION AND DISCUSSION

Using large-scale molecular dynamics simulations of a
(mesoscopic) generic model, we investigate the mechani-
cal response of a set of highly cross-linked polymer (HCP)
networks. For this purpose, we have used the mechanical in-
dentation of different indenter sizes. The use of such a method
has many advantages over the routinely used tensile defor-
mations. For example, the deformations at the monomer level
can be monitored because the individual bond breaking and
network (re-)arrangements are directly accessible. Contrary
to the viscoelastic deformations in the standard polymers, the
deformations in the HCPs are of an elastic-plastic nature.
An analysis based on a simple theory of elastic-plastic de-
formation [62] suggests that the HCP networks harden upon
indentation. This is because of the bonds that are pulled or
compressed taut and the disruption of the protovoids (col-
lapsed free volume area) that originate within the sample
during the network cure [56].

The results also indicate at a very intriguing force drop
�F like mechanical response, reminiscent of the avalanche
in the glassy materials. Such �F behavior in HCPs is related
to the instantaneous bond breaking, small-scale monomeric
rearrangements, and localized force response within the
samples. We further show that the distribution of �F fol-
lows a scaling law decay with an exponent close to the
theoretical predictions for the avalanches in the standard
glasses.

The results presented in this work are based on a generic
molecular dynamics approach that combines a broad range of
chemical systems within one physical framework. While such
models are extremely useful in studying the trends observed in
the chemical specific systems, they do not provide any quanti-
tative agreement with the experiments. Also note that there are
generic models that are specifically tuned to reproduce certain
quantities and their respective behavior [65]. Therefore, it
is important to discuss the possible chemical systems that
represent the HCP networks discussed here. In this context, in
a generic model, one bead corresponds to a certain number of
atomistic monomers [26,54], while the degree of such coarse
graining is controlled by the bond and bending stiffnesses.

The experimental syntheses of HCPs, such as the epox-
ies, are performed with different underlying chemistry. For
example, the most commonly used systems include, but
are not limited to, the amine-cured epoxies [30] and the
phenylenediamine-based cross-linking of a network structure
[66]. These systems are rather rigid network materials that
exhibit extraordinary mechanical [27,30] and thermal prop-
erties [28,56]. Furthermore, more complex structures are also
synthesized that use the alkane chains for cross-linking [28].
The longer the length of the alkanes, the softer the network at

014501-6



COMPUTATIONAL INDENTATION IN HIGHLY … PHYSICAL REVIEW E 106, 014501 (2022)

a given temperature [28]. In this context, the quartic potential
parameters used in this work closely mimics the amine-based
epoxies, while the FENE bonds mimic the relatively softer
bonded interactions induced by the alkane-based linkers. A
more detailed discussion of the atomistic to generic mapping
schemes is presented in Ref. [56].

It is also important to discuss that the mechanical testing
on weakly cross-linked systems, such as the PAM-based hy-
drogels [38], surface-grafted gels [37], and PNIPAM-based
microgels [41], often leads to unexpected behavior. One of the
interesting aspects of these systems is that they exhibit depth-
dependent force response, i.e., the stiffness of the samples
changes with the depth. This is practically because of the syn-
thesis protocols that unavoidably introduce a greater degree of
bond density at the core and decrease radially outward from
the centers. In this context, while our trifunctional system may
mimic such weakly cross-linked networks, the bond density
in our systems is rather homogeneous across the sample; see
Fig. 8. Therefore, a more careful modeling will require an
additional control parameter of the nonhomogeneous bond
density within the samples that can serve as a guiding tool
for the materials design. A detailed discussion of this aspect
will be presented elsewhere.
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FIG. 8. Bond density f (z∗) along the z direction of the sample,
i.e., the direction along which the indentation is applied. The data are
shown for a tetrafunctional network.
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FIG. 9. Force F as a function indentation depth d during three
different unloading cycles starting at different d . Data are shown
for the tetrafunctional network and for an indenter radius R =
15.0σ . The unloading is performed at a constant unloading veloc-
ity v = 0.005σ/τ . During the loading cycle, bond breaking starts
only around d � 18.0σ . Therefore, the unloading data starting at
d � 14.0σ represent the elastic deformation. Note the data here are
an extension of those in Fig. 5(a).

APPENDIX A: BOND DENSITY PROFILE

The network curing protocol presented in Sec. II B reason-
ably creates a homogeneous sample; see Fig. 8.

It can be appreciated that the bonds are rather homoge-
neous, except near the two interfaces where the confining
walls induce the depletion zone.

APPENDIX B: MECHANICS DURING LOADING
AND UNLOADING

In Fig. 5(a) we have shown only the force F response
during unloading starting from tree indentation depths d . Here
we show three additional unloading curves; see Fig. 9.

APPENDIX C: FORCE AND STRUCTURAL RELAXATIONS

To monitor the transient relaxations in a system, we have
calculated the time evolution of F and the structure as mon-
itored by d . To estimate the relaxations, we have performed
two simulations. In the first case, we indent a sample using
a velocity v = 0.05σ/τ till the maximum in the force is
reached. At this position, the indenter position is fixed, and
the time evolution of F is monitored. For the relaxation of d ,
we first decouple the indenter from a system and then monitor
d with time. The data are shown in Fig. 10.

It can be appreciated that the structural relaxation is about
two orders of magnitude faster than the F relaxation. At
first glance this may look rather counterintuitive because the
standard understanding of the dynamic systems, such as the
viscoelastic deformation, suggests that the structures relax
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FIG. 10. Main panel shows the temporal relaxations of the depth
d , and the inset presents relaxation of force F . The data are
shown for the indenter radius R = 15.0σ and for a tetrafunctional
network.

significantly slower than the force. Here, however, we observe
an opposite trend because we are dealing with an elastic-
plastic deformation of a highly cross-linked (HCP) network
structure. Furthermore, the HCP network is in its soft gel
phase, where a strong restoring force acts via the bonded
interactions leading to the faster structural relaxation.

APPENDIX D: EFFECT OF NETWORK FUNCTIONALITY

In Fig. 6 we have shown the comparative data of two
functionalities with an indenter radius R = 5.0σ . This is par-
ticularly because the small indenter can monitor individual
bond-breaking events. However, we have also calculated the
mechanics of both networks using the larger indenter, i.e.,
for R = 15.0σ . The corresponding data are shown in Fig. 11.
The data are consistent with the generic behavior discussed in

0 10 20 30 40
0.0

0.5

1.0

1.5

2.0

FIG. 11. Force F as a function indentation depth d for two net-
work functionalities: the trifunctional (n = 3) and the tetrafunctional
(n = 4) networks. Data are shown for an indenter radius R = 15.0σ .
The indentation is performed at a constant velocity v = 0.005σ/τ .
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FIG. 12. Force F as a function indentation depth d for two
network functionalities: the trifunctional (a) and the tetrafunctional
(b) networks. Data are shown for three curing percentages C. Note
that for the clarity of presentation, we have shown only the smoothed
data.

Fig. 6. Here, however, force drop events are even less promi-
nent for the trifunctional compared to the data for R = 5.0σ ;
see the red lines in Fig. 6.

APPENDIX E: EFFECT OF NETWORK CURING
PERCENTAGE

As shown in Fig. 7, the network curing percentage C plays
a key role in dictating the predictive mechanical behavior
that can serve as an additional tuning parameter. Note that
Fig. 7 shows the extracted data from the F versus d curves
at different C; see Fig. 12.

APPENDIX F: REPRODUCIBILITY
OF FORCE-INDENTATION DATA

Most studies of mechanical behavior of polymers are per-
formed within the midsized simulation domains that many
times induce large error bars. Even when our system sizes are
reasonably large consisting of more than 2.5 × 105 particles,
we have also performed a set of three simulations to check if
the data are reproduced within the small error. In Fig. 13 the
force-indentation curves for R = 5.0σ and for both systems
are shown. It can be seen that the data are reproduced within
5% error. The error bars for R = 15.0σ are even smaller, i.e.,
about 1% (data not shown).
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FIG. 13. Force F as a function indentation depth d for the trifunctional (a) and the tetrafunctional (b) networks. Data are shown for an
indenter radius R = 5.0σ and for three sets. The indentation is performed at a constant velocity v = 0.005σ/τ .
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