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Abstract
We analyzed the effects of crosslinking fraction and number of functional sites per hardener
molecule on the stress recovery and topology of thermoset shape memory polymers (TSMPs)
via coarse-grained molecular dynamics simulations. After systematically varying the quality of
the crosslinked network by manipulating the number of unique epoxies reacted with each
hardener, we found that two fingerprints correlate well with stress recovery of TSMPs. These
fingerprints are the fraction of epoxy molecules connected to two distinct hardener molecules,
and the fraction of molecules that are part of the largest or main network in the system. Their
product can be used as a topological score (Stopo) to quantify the topological feature of the
network. When analyzing stress recovery as a function of Stopo, we found a strong correlation
between Stopo and recovery stress. Moreover, we observed that while a higher crosslinking
fraction did frequently lead to a higher stress recovery, many exceptions existed. High
functionality hardeners tend to exhibit higher stress recovery at similar Stopo, especially at high
(>0.65) Stopo. These results suggest that increasing the number of functional sites per hardener
molecule combined with improving the topology of the network with a method such as semi
batch monomer addition can lead to an improvement in the stress recovery of TSMPs.

Supplementary material for this article is available online

Keywords: thermoset shape meory polymer, molecular dynamics, simulation, coarse-grained,
crosslinking, topological, recovery stress

(Some figures may appear in colour only in the online journal)

1. Introduction

Shape memory polymers (SMPs) are materials capable of
remembering and reverting to their permanent memorized

∗
Author to whom any correspondence should be addressed.

shape from a deformed state in response to thermal or non-
thermal stimuli such as temperature, light, moisture, or pH.
Such a feature, in addition to other desirable properties such
as chemical stability, potential for biodegradability, relative
ease of processability, and low costs of production, have been
proven to be beneficial in many industries [1, 2]. SMPs can be
used as minimally invasive medical devices [3–9] or as drug

1361-665X/23/115001+9$33.00 Printed in the UK 1 © 2023 IOP Publishing Ltd

https://doi.org/10.1088/1361-665X/acfa7d
https://orcid.org/0000-0001-5270-7639
https://orcid.org/0000-0002-0261-0780
https://orcid.org/0000-0001-5031-2828
mailto:apeters@latech.edu
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-665X/acfa7d&domain=pdf&date_stamp=2023-9-26
http://doi.org/10.1088/1361-665X/acfa7d


Smart Mater. Struct. 32 (2023) 115001 P Nourian et al

delivery vehicles [10, 11] in the biomedical industry. They can
be used for fabricating deployable or morphing structures in
the aerospace industry [12–15], or used for controlling the sur-
facemorphologywhenmaking composite electronics [16–19].

The temporary shape can be induced in SMPs via a pro-
cess known as ‘hot programming’, where the material is pre-
strained at temperatures sufficiently higher than its glass trans-
ition temperature (Tg), then cooled to a temperature below Tg
while constrained. When the constrain is removed at low tem-
peratures, the material is fixed with a temporary shape, and
when it is heated to a temperature above its Tg, the material
recovers to its original shape. The SMPs’ ability to recover
their original shape is quantified by the shape recovery ratio,
which is a measure of how much of the original shape is
recovered, and stress recovery, which is the stress that the
material exerts while it is recovering its original shape.

One of the main issues impeding the widespread use of
SMPs for the aforementioned applications, especially in cases
where high performance is required, is the low-stress recov-
ery of the current generation of SMPs [20], which prohibits
the material to support heavier samples [21]. One of the main
approaches to enhancing the properties of SMPs is through
the incorporation of nanofillers such as carbon nanotubes [22–
24], particulates [25, 26], and fibers [12, 27, 28] in the poly-
mer matrix. Such an approach, while successful at improv-
ing the recovery stress (σr), can lead to a noticeable loss of
shape memory. Naturally, approaches that improve aspects of
the shape memory property without any tradeoff will be more
desirable.

One such approach would be improving the topology of the
shape memory polymer networks. Inspired by previous stud-
ies on the interplay between the topology and the mechanical
properties of polymer networks, such as the effect of cyclic
defects, i.e., elastically inactive primary loops [29–34]) and
secondary loops [35–37] on the elastic and storage moduli of
these networks [38–42], we recently studied the effect of topo-
logy on the shape memory properties of the thermoset shape
memory polymers (TSMPs) [43]. We discovered statistically
significant correlations among the stress recovery, recovery
ratio, rubbery elastic modulus, and the fraction of hardener
molecules that have formed the maximum number of bonds
with distinct epoxy molecules. Such hardener molecules are
the building blocks of a perfect network, and thus, the closer a
network to perfection is, the better its shape memory proper-
ties are. However, in our previous study, the scope of our work
was limited to systems with a single crosslinking fraction, and
only one type of hardener molecule.

In this work, we aim to expand upon our previous work
to investigate the relationship between the topology and the
shape memory properties of TSMPs more broadly by taking
into account the effect of various crosslinking fractions and
the number of functional/reaction sites per hardener molecules
(i.e. hardener functionality). Our goal is not to closely follow
the experimental procedures used to create these networks, but
rather, create a set of systems with extreme variations in topo-
logy (through implementing irregular conditions and assump-
tions) and further investigate the interplay between topology
and the shapememory properties, and the limits of the effect of

topology on such properties. We use coarse-grained molecular
dynamics simulations to forgo the effect of chemistry on the
properties of simulated systems and instead focus solely on
the topological effect. Moreover, since studying the topology
comprehensively requires simulating many systems, a coarse-
grained model allows us to do so using only a fraction of
the computational resources requiredwhen using atomistically
detailed models. Finally, we want to identify topology-related
quantities that have statistically significant correlations with
the shape memory properties of the TSMPs. These topolo-
gical ‘fingerprints’ can then be used in conjunction with chem-
ical fingerprints [44] to train machine-learning algorithms that
can be used to identify hardener–epoxy pairs that would yield
high-performance TSMPs.

In the following sections, we will provide a detailed explan-
ation of the model and simulations we used. Next, we will
present the results of our simulations, including any statistic-
ally significant correlations found between recovery stress and
various topological properties. Finally, we will discuss the sig-
nificance of our findings and their physical interpretation.

2. Methodology

2.1. Model details

A coarse-grained model is used to represent the hardeners and
epoxies. The epoxies are modeled as a chain with 3 beads,
with a nonreactive middle bead and two reactive end beads.
Four different types of hardener molecules are used with 3, 4,
5 and 6 reactive beads (referred to as f3, f4, f5 and f6 hardeners,
respectively). Each hardener molecule is modeled as having
one non-reactive bead in the center (figure 1) with the reactive
beads each bonded directly to the nonreactive core bead.

The non-bonded interactions between all the beads were
represented using the Weeks–Chandler–Anderson (WCA)
potential [45], as follows:

UWCA (r) = 4ε

[(σ
r

)12
−
(σ
r

)6
]

r< 2
1
6σ

UWCA = 0 r⩾ 2
1
6σ (1)

where r is the inter-particle distance, ε is the interaction
strength, and σ is the bead diameter. The WCA potential has
demonstrated versatility in modeling the behavior of poly-
mer melts and networks [46–49]. The potential parameters, σ
and ϵ, and the mass of individual particles, m are set equal
to 1. The rest of the quantities are presented in the reduced
units as follows: Reduced time: τ∗ = τ√

mσ2
ϵ

, reduced temper-

ature: T∗ = kBT
ϵ , reduced distance: r∗ = r
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σ3
, etc. The bonded interactions were represented using

the bead-spring model, where consecutive beads are connec-
ted by finitely extensible nonlinearly elastic (FENE) springs
[46], as follows:
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Figure 1. Schematics of a hardener molecule with (a) 3 reactive sites (f3), (b) 4 reactive sites (f4), (c) 5 reactive sites (f5), (d) 6 reactive sites
(f6), and (e) an epoxy molecule. The blue and red colors represent the reactive and non-reactive beads of the hardener molecule,
respectively. The green and orange colors represent the reactive and non-reactive beads of the epoxy molecule, respectively.

where r is the inter-particle distance, Q is the spring constant,
and R0 is the maximum allowable extension. Here, values of
Q= 30 and R0 = 1.5 were used.

2.2. Simulation details

All the simulations were conducted in the absence of solvent,
with the periodic boundary conditions being imposed on the
cubic simulation boxes in all three directions. Moreover, the
LAMMPS software package [50] was used to conduct all the
simulations in the constant number of atoms, pressure, and
temperature (NPT) ensemble. A timestep of 0.003 was used
in the simulations. Nose-Hoover thermostats and barostat [51,
52] were utilized, and the damping constants for temperature
and pressure control were set to be 100 times and 1000 times
the timestep, respectively. Pressures and temperatures are spe-
cified below.

2.3. Crosslinking and bond relaxation

Initial simulation boxes were prepared by randomly placing
2000 hardener molecules and an appropriate number of epoxy
molecules to maintain a stoichiometric ratio (3000 for f3 sys-
tems, 4000 for f4 systems, 5000 for f5 systems and 6000 for
f6 systems) in a cubic box with an initial length ranging from
35 to 50 using the Polymatic software [53]. A custom Python
script was used to create bonds between the reactive beads of
the epoxies and hardeners by randomly selecting hardener and
epoxy molecules for reaction. As mentioned earlier, we previ-
ously found that the fraction of hardener molecules that have
formed the maximum number of bonds possible with distinct
epoxy molecules can be used as a descriptor of the topology,

and the higher this fraction is, the better the quality of the topo-
logy is [43]. Based on this fact, in order to obtain systems
with a variety of topologies, we manipulated the topology via
imposing a condition on the systems during the preparation
phase: each hardener molecule participating in the reaction
was ensured to have the maximum number of bonds possible
formed with other epoxies. For instance, all hardeners in the
f3 system had 3 bonds, all hardeners in the f4 system had 4
bonds, etc. Using this approach, 25 systems were created for
each of the hardener types. In each set, systems indexed 1–5
had a crosslinking fraction (i.e. the ratio of number of bonds
formed between hardeners and epoxies to the maximum pos-
sible number of bonds between those molecule types) of 0.5,
systems 6–10 had a crosslinking fraction of 0.6, systems 11–15
had a crosslinking fraction of 0.7, systems 16–20 had a cross-
linking fraction of 0.8, and systems 21–25 had a crosslinking
fraction of 0.9. Furthermore, each systemwas required to have
a minimum number of maximally-distinctly-reacted hardener
molecules. A maximally-distinctly-reacted hardener molecule
has all sites reacted with a different epoxy. This lower limit
was set to be 20% of the total hardener molecules in the first
system in each set, 25% for the second system, 30% for the
third system, 35% for the fourth system, and 40% for the fifth
system. This method created systems with the same crosslink-
ing fraction and hardener functionality (i.e. number of func-
tional sites per molecule) but with significantly different topo-
logies. While the systems created using this approach may not
be feasible using current experimental methods, their distribu-
tion of topological quality can be utilized to study the limits of
the effect of topology on the shape memory properties. A bond
between an epoxy–hardener reactive pair was formed when
the distance between the two reactive sites was ten or less. In
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order to shorten the bonds with a length greater than the max-
imum allowable extension of 1.5 used in the FENE potential,
we used a stepwise bond relaxation approach to shorten those
abnormally long bonds, as follows: A harmonic potential for
the bonds formed during the crosslinking procedure:

UHarmonic (r) = K(r− r0)
2 (3)

whereK is the bond spring constant, r is the bond length and r0
is the bond equilibrium length. The FENE potential was used
to represent the rest of the bonds. At each step of the relaxa-
tion procedure, the systems were relaxed in the NPT ensemble
at a temperature of 1 and a pressure of 4 for a duration of
10 000 simulation steps. In each consecutive step, the bond
spring constant was increased, and the bond equilibrium length
was decreased. This process was repeated for a total of ten
steps. The initial and final bond spring constants used were
0.3 and 30, respectively, and the initial and final bond equi-
librium lengths used were 30 and 1.5, respectively. Once the
stepwise bond relaxation procedure was completed, the sys-
tems were equilibrated in the NPT ensemble a temperature of
1 and a pressure of 4 for a duration of 1000 000 simulation
steps, where the FENE potential was applied to all the bonds in
the system. Visual representations of systems with two differ-
ent crosslinking fractions can be found in the supplementary
information.

2.4. Programming

The determination of programming and recovery stress was
carried out in the same manner as previously described [43].
The systems were compressed to 50% overall compression
and held at that compression for 1000 000 timesteps. Then,
the systems were cooled to a temperature of 0.05 (well below
the glass transition temperature) and allowed to relax. After
heating back to the original temperature at 50% compression,
the system was further relaxed, and the recovery stress was
measured. This process was repeated in all three dimensions
independently, and the results were then averaged.

3. Results and discussion

3.1. Correlations between stress recovery and topological
fingerprints

A total of 100 systems with four different hardener molecules
and five different crosslinking fractions were created. In each
system, a series of topological fingerprints were calculated as
follows:

• Hf, the fraction of hardener molecules connected to the max-
imum number of distinct epoxy molecules, where f is the
number of reactive beads per hardener molecule.

• E2, the fraction of epoxy molecules bonded to two distinct
hardener molecules.

• Fmax, the fraction of total molecules in the largest network
formed in the system.

Details regarding the calculation of the fingerprints from sim-
ulation data can be found in supplementary information. The
first fingerprint, Hf, is based upon our previous work, where
we showed that each hardener with the maximum number of
reactions with distinct epoxy molecules can be thought of as a
building block of a perfect network. However, such a hardener
molecule may or may not be connected to the largest net-
work in the system. In this case, one could hypothesize that
suchmolecules will not be significant contributors to the shape
memory properties of the material. Therefore, we include the
other two fingerprints, E2 and Fmax, to complement Hf. In a
perfect network, all hardener molecules are connected via two-
distinctly-reacted epoxymolecules, and all are part of the same
network. Thus, E2 and Fmax are also measures of how perfect
a network is. One could also view these three fingerprints as
a measure of how a network deviates from a perfect network,
since in a perfect network, all these fingerprints have a value
of 1. Thus, we would expect these fingerprints to have stat-
istically significant correlations with the shape memory prop-
erties of the networks. These quantities, along with the stress
recovery (σr), are presented in figure 2 for all the systems. A
detailed description regarding the calculation of these finger-
prints is presented in the Supplementary Information.

As observed in figure 2, all three fingerprints and the stress
recovery follow the same trend: a higher value of any of these
fingerprints corresponds to a higher stress recovery. To fur-
ther evaluate the relation between these three fingerprints and
σr, we calculated the Pearson correlation coefficients and their
statistical significance betweenHf,E2,Fmax, and σr. These res-
ults are presented in table 1.

We observe that while all the correlations between Hf, E2,
Fmax (as expected, since they describe the topology of the sys-
tem which is the only difference between simulations with the
same hardener functionality), and σr are statistically signific-
ant (i.e. their corresponding p-values is less than 0.05), the cor-
relation coefficients corresponding to E2 and Fmax are signific-
antly greater—and their p-values significantly smaller—than
those corresponding to H4, H5, and H6. This means that while
all three fingerprints encompass a great amount of informa-
tion about the topology in f3 systems, E2 and Fmax are better
fingerprints in f4, f5, and f6 systems.

These results validate our initial hypothesis that the Hf fin-
gerprint does not in general contain all the information about
the topology of the system and demonstrate that E2 and Fmax

are better fingerprints. This can be further improved upon by
using what we call the ‘topological score’ or Stopo and defined
by Stopo = E2Fmax. Fmax scales the score by the number of
molecules able to contribute to the network, and E2 scales
the score by the number of effective connections between
those available molecules. A network with a large number of
primary loops will have a high Fmax but a low E2, and a sys-
temwhere a large number of molecules are not part of themain
network will have a low Fmax even if it has a high E2. In both
cases a poor stress recovery would be expected. We plot the
stress recovery of the systems studied versus their topological
scores in figure 3.

As observed in figure 3, a higher crosslinking fraction (CF)
allows for higher Stopo and subsequently higher σr in line with

4



Smart Mater. Struct. 32 (2023) 115001 P Nourian et al

Figure 2. The fraction of maximally distinctly reacted hardener molecules (Hf, red), two-distinctly reacted epoxy molecules (E2, blue),
fractional maximum size of the main network (Fmax, green), and the stress recovery (σr, purple) vs. the system index (numbered from 1 to
25) for (a) f3 systems, (b) f4 systems, (c) f5 systems, and (d) f6 systems. Systems indexed 1–5 have a crosslinking fraction of 0.5 (circles),
systems 6–10 have a crosslinking fraction of 0.6 (diamonds), systems 11–15 have a crosslinking fraction of 0.7 (crosses), systems 16–20
have a crosslinking fraction of 0.8 (stars), and systems 21–25 have a crosslinking fraction of 0.9 (pentagons).

our expectations. However, it can be observed that quite a few
instances exist where systems with a lowerCF have achieved a
higher stress recovery. The crosslinking fraction sets the upper
limit of all the three discussed fingerprints (Hf, E2 and Fmax),
as each of these fingerprints can attain a maximum value equal
to CF, and thus, the maximum value for the topological score
will be CF 2. A system with a higher CF has a higher poten-
tial for having better shape memory properties, but a higher
CF alone does not ensure better properties, as illustrated in
figure 3, where certain systems with lower CF exhibit super-
ior stress recovery compared to systems with higher CF. The
crosslinking fraction can be thought of as the budget for cre-
ating a network, and the topological score will then represent
howwell that budget is spent. A systemmadewith a low, albeit
better-spent budget, or in other words, a system with a lower
CF but higher Stopo, can have better shape memory properties
than a system with a higher CF and lower Stopo.

The CF dictates the quantity of epoxy–hardener bonds
present within the system, whereas Stopo gauges the similar-
ity of the bond distribution to that of an ideal network. A
network may have a higher bond count, but that does not
necessarily mean that the bond distribution resembles that of a

perfect network. An analogy can be made to a fishing net:
knots on the net where strands meet signify hardeners, and
connecting ropes symbolize epoxies. When the crosslinking
is not at full capacity, the system resembles a net with gaps.
Two nets with an equal count of missing knots (denoted by
the same CF) might exhibit differing gap distributions: one
could feature numerous small gaps scattered across (indicating
a high Stopo value), while another might boast a solitary large
gap (representing a low Stopo value). It is possible for a net with
more absent knots (lowerCF) to surpass another net in quality,
provided it only has small gaps (high Stopo), in contrast to a net
with a single substantial gap. A better network can be created
by either increasing the CF, or by ensuring the topology of
the network is the as close to perfect possible (i.e. the Stopo is
high).

Interestingly, the f3 systems do not follow the same trend
as the rest. Specifically, a number of f3 systems have relatively
low-stress recoveries despite having intermediate topological
scores. This can be explained as follows: During the prepara-
tion of the systems, we ensured that every hardener molecule
that participates in the reaction has to form themaximum num-
ber of bonds possible. Thismeans that in f3 systems, a hardener
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Table 1. Summary of the correlations between the fingerprints (Hf,
E2, Fmax) and the stress recovery (σr). Statistically significant
correlation coefficients (i.e. p< 0.05) are highlighted in green.

f3

Fingerprint Coefficient p-value

H3 0.90 1.29 × 10−9

E2 0.77 6.60 × 10−6

Fmax 0.89 2.72 × 10−9

f4

Fingerprint Coefficient p-value

H4 0.46 0.02
E2 0.87 1.08 × 10−8

Fmax 0.88 5.90 × 10−9

f5

Fingerprint Coefficient p-value

H5 0.43 0.03
E2 0.92 1.09 × 10−10

Fmax 0.91 3.93 × 10−10

f6

Fingerprint Coefficient p-value

H6 0.54 0.006
E2 0.96 8.74 × 10−14

Fmax 0.92 8.26 × 10−11

Figure 3. Plot of stress recovery (σr) vs. the topological score
(Stopo) for f3 (circle), f4 (square), f5 (cross) and f6 (star) systems with
different crosslinking fractions (CF) of 0.5 (red), 0.6 (blue), 0.7
(green), 0.8 (purple) and 0.9 (orange).

molecule will always have three bonds formed. These three
bonds could either be between the hardener and three dis-
tinct epoxy molecules, or two distinct epoxy molecules. If the
latter is true, then it means that a primary loop has formed
(figure 4(a)). In this case, the hardener cannot contribute to net-
work growth/extension. Thus, this specific configuration will
act as a terminal point.

Such a terminal point contains a primary loop, which, as
shown in our previous work [43], can adversely affect stress
recovery. Moreover, the terminal point for an f3 hardener
can only be connected to the main network via one epoxy
molecule, failing to expand the network. Consequently, these
points cannot further expand the network and weaken its inter-
connectivity to a significant degree.

In our systems, an f5 hardener can also form a terminal point
(figure 4(b)) when it has formed five bonds but only with three
distinct epoxies. While common in f3 systems, these were rel-
atively uncommon in f5 systems because it requires two loops
on the same hardener. On the other hand, in our systems, f4
and f6 hardeners, though they can form loops, cannot form ter-
minal points. This is specific to the systematic method used
to generate topologies. However, in a more realistic system
where every hardener molecule has not necessarily formed the
maximum number of possible bonds, f4 and f6 hardeners can
also form terminal points. For example, an f4 hardener that
has formed three bonds with two of them making a primary
loop (figure 4(c)) or an f6 hardener that has formed two bonds
with four of those forming two primary loops (figure 4(d)) can
essentially form a terminal point.

To account for these kinds of defects, we adjust the topo-
logical scores of f3 and f5 systems by subtracting the number
of molecules forming these terminal points (which would be
three in this case: the hardener molecule, the two-distinctly
reacted epoxy connecting the terminal point to the main net-
work, and the one-distinctly reacted epoxy forming the loop)
from the number of molecules that are part the main net-
work, therefore adjustingFmax. Moreover, we subtract the two-
distinctly reacted epoxy connecting the terminal point to the
main network from the total number of two-distinctly reacted
epoxies, thereby adjusting Stopo. The plot of stress recovery
versus the adjusted topological score is shown in figure 5.

It can now be seen from figure 5 that the f3 systems
with adjusted topological scores follow the overall trend seen
in other systems more closely. This behavior indicates the
importance of taking into account the adverse effect of ter-
minal points. In general, though, as the hardener functionality
increases, the probability of forming a terminal point decrease.
This is because more primary loops need to be formed before
network expansion will be interrupted. For instance, for the f5
hardeners, two primary loops would need to be formed to be
in the same situation as the f3 hardener with one primary loop.

Finally, it can be seen in both figures 3 and 5 that when com-
paring systems that have relatively similar topological scores
but different f (i.e. number of functional groups per hardener
molecule), those with a higher f usually have a higher stress
recovery. Such a trend is more obvious for systems with a high
topological score. All of the systems prepared for this study
have the same number of total hardenermolecules.When com-
paring systems that have the same CF and have close to per-
fect topology(i.e. Stopo ∼ CF 2), those with a higher f have a
higher reaction density (i.e. higher ratio of reactive to non-
reactive beads), andwe speculate that the higher reaction dens-
ity leads to a higher recovery stress. Furthermore, the forma-
tion of primary loops is less detrimental to the overall prop-
erties of systems with a higher f (a single f6 hardener can
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Figure 4. Schematic of terminal points formed by (a) hardener with three functional sites, (b) hardener with five functional sites,
(c) hardener with four functional sites, and (d) hardener with six functional sites. The hardener molecules is represented blue and red beads,
with the blue beads being the functional sites. The epoxy molecule is represented by the orange and green beads.

Figure 5. Plot of stress recovery (σr) vs. the topological score
(Stopo) for f3 (pentagons), f4 (square), f5 (cross) and f6 (star) systems
with different crosslinking fractions (CF) of 0.5 (red), 0.6 (blue),
0.7 (green), 0.8 (purple) and 0.9 (orange). The topological score for
f3 is system is adjusted.

have up two primary loops and still not be a terminal point
while a single primary loop forming on an f3 hardener turns it
into a terminal point). While we have accounted for primary
loops, higher order loops and defects are also possible, and
we would expect higher functionality to mitigate the effect of
those defects for the same reason.

It is evident that increasing f can lead to an increase in stress
recovery, an effect that is more significant when Stopo is high
One can conclude that increasing f, combined with techniques
that aim to improve the topology of the network will lead to
an improvement in stress recovery. Higher f can be achieved
experimentally by adding amine groups to an amine-based
hardener, while techniques like semi batch monomer addition
[54], could increase the network quality and Stopo.

4. Conclusion

We studied the effect of crosslinking fraction and the number
of functional sites per hardener molecule on the topology of
the thermoset shape memory polymers, and consequently on
their shape memory properties, via coarse-grained molecular
dynamics simulations. We created a set of 100 systems with
various crosslinking fractions ranging from 0.5 to 0.9 and a
different number of functional groups per hardener molecule
ranging from 3 to 6 and calculated their stress recovery. We
defined three fingerprints used for quantifying the topological
features of these networks: the fraction of hardener molecules
that are connected to as many distinct epoxy molecules as pos-
sible (Hf), the fraction of epoxy molecules that are connected
to two distinct hardener molecules (E2), and the fraction of
molecules that are part of the largest/main network in the sys-
tem (Fmax).

We observe that while all the correlations between Hf, E2,
Fmax, and σr are statistically significant (i.e. their correspond-
ing p-values is less than 0.05), the correlation coefficients cor-
responding to E2 and Fmax are significantly greater—and their
p-values significantly smaller—than those corresponding to
H4,H5, andH6. We further improved upon this by defining the
‘topological score’ or Stopo that is defined by Stopo = E2Fmax.
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Fmax scales the score by the number of molecules able to con-
tribute to the network, and E2 scales the score by the number
of effective connections between those available molecules.
We then further improved the effectiveness of this parameter
by accounting for terminal hardeners within a network of odd-
functional hardeners.

After analyzing the stress recovery as a function of the
newly defined topological score, we found that:

• Systems with a lower crosslinking fraction can have a higher
stress recovery than systems with a higher crosslinking frac-
tion if they have a relatively high Stopo.

• When comparing systems with similar topological score,
those with a higher f usually have a higher stress recovery.

• This phenomenon is more significant in systems with a rel-
atively high topological score.

Our results confirm the possibility of achieving better shape
memory properties via topologymanipulation and suggest that
a new approach that combines increasing the number of func-
tional sites per hardener molecule (by, for example, adding an
additional amine group to an amine-based hardener) with an
approach that improves the topology of the network, such as
semi batch monomer addition [54] (which has not yet been
used to produce TSMPs), can result in production of TSMPs
with superior shape memory properties.
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