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A B S T R A C T

Shape memory polymers (SMPs) have received a lot of attention lately due to their potential use as actuators in
various applications, including robotics and biomedical device. SMPs are a better choice than other smart ma-
terials due to their remarkable ability to recover from significant deformations and their ability to be stimulated
remotely. Here, we investigate the mechanical and recovery behaviors of SMPs composed of acrylate-based
monomers and crosslinkers with varying crosslink densities, using full-atomistic molecular dynamics (MD)
simulations. Physical parameters, such as density and glass transition temperature, are determined for systems
with different crosslinking densities. Tensile loading is applied to characterize the mechanical characteristics and
shape memory behaviors. Furthermore, the shape-memory behavior of the system with highest crosslinking
density is investigated to understand the effects of recovery temperature and deformation temperature on shape
recovery. Our findings shed light on the critical structural elements that determine shape recovery ability, giving
insights for advanced SMP material design and development. This study adds to our fundamental understanding
of SMP behavior and has ramifications for a wide range of technological applications.

1. Introduction

The shape memory effect represents a remarkable property exhibited
in certain polymeric materials, allowing them to regain their original
shape when exposed to specific stimuli, such as heat, solvent, or focused
ultrasound fields [1–3]. Shape memory polymers (SMPs) have emerged
as a promising alternative to other shape memory materials like shape
memory alloys (SMAs) [4,5] and shape memory ceramics (SMCs) [6,7].
SMPs have found diverse applications across various domains, such as
robotics, biomedical devices, smart textiles, and aerospace engineering
[8–13]. SMPs offer several advantages that include low density, high
frozen strain, cost-effective manufacturing, facile processability, a broad
range of shape transition temperatures (Ttrans), and partial biocompati-
bility [14–16]. SMPs can be broadly categorized into three main groups
based on stimuli to which they respond: chemo-responsive, thermo-r-
esponsive, and photo-responsive SMPs [17–20]. Among these,
thermo-responsive SMPs that respond to changes in temperature are
most widely used. This is primarily due to the ease of regulating the
switching temperature and their excellent shape memory behavior. The

underlying mechanism behind thermo-responsive SMPs involves heat
absorption, which generates molecular motion and modifies stiffness
above a transition temperature, leading to shape recovery [21]. One
prominent type of thermo-responsive SMPs is the acrylate-based AB
copolymer networks, synthesized through the copolymerization of
monomers and crosslinkers. The networks in these SMPs offer notable
advantages, including biocompatibility [22], relative ease of prepara-
tion [23], easy property tailoring [24], and the capability for
three-dimensional/four-dimensional (3D/4D) printing [25–27]. The
transition temperature range of SMPs, often related to the glass transi-
tion temperature (Tg), and their operational attributes, such as
deformability and the recovery speed, can be modified by varying the
copolymer composition or degree of crosslinking [28–32].

Developing efficient acrylate-based shape memory polymers (SMPs)
for remote actuation remains a challenge, particularly achieving full
shape recovery within few seconds (<10 s). This is crucial for applica-
tions like in vivo drug delivery systems induced by high-intensity focused
ultrasound (HIFU). While HIFU enables remote and noninvasive actua-
tion of SMPs, current materials exhibit slow actuation and low recovery
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percentages [33–36]. To address the issue of recovery, in past, our group
investigated the influence of the chemical composition of SMPs on their
shape recovery induced by HIFU [36]. SMPs were synthesized using the
monomer tert-Butyl acrylate (tBA) and crosslinker di(ethylene glycol)
dimethacrylate (DEGMA) [35]. The composition ratio (the ratio of
monomer to crosslinker) was tuned to achieve the highest shape re-
covery ratio (approximately 20% after a continuous 20 s ultrasonic
exposure). The introduction of polystyrene (PS) into the tBA-co-DEGMA
mixture demonstrated remarkable improvement in shape recovery ca-
pabilities; the mixture was able to transition from a deformed shape (Δ
= 50◦) to the permanent shape (Δ = 175◦) within 2 s when subjected to
heating via a hair dryer [37]. This shows the potential for tuning both
shape recovery and recovery rate by changing the chemical composition
that impacts the crosslinking density.

There are numerous types of acrylate polymers and selecting net-
works through experiments is expensive and time-consuming. Atomistic
simulations can accelerate the process at a fraction of cost & time to
design the matrix for more efficient SMPs either by screening target
materials among numerous candidates or by proposing new combina-
tions of mixture& curing agent tailored to specific properties. Molecular
Dynamics (MD) simulations have emerged as a powerful tool to study
the connections between the molecular-scale structure and their prop-
erties in polymers [38–41]. In our group’s previous work, we [38]
studied HIFU-induced thermal effect on high and low density poly-
ethylene (PE) using MD simulation and reported that the thermal effect
is closely associated with the viscoelasticity of polymer. In another
work, MD simulations were conducted to examine the crosslinking
mechanism during the curing process of tBA-co-DEGMA (TD)/PS com-
posite [37]. The findings revealed that the inclusion of PS impedes both
polymerization and crosslinking processes, hindering the formation of a
tightly crosslinked network during the curing process. The shape
memory characteristics of various polymers, such as polyisoprene [42],
polystyrene [42,43], poly (l-lactide) [44], and epoxy polymers [44,45],
have been investigated through atomistic simulations.

As mentioned above, the crosslinking process affects the mechanical
and thermal properties of the polymer. The present work investigates
the thermo-responsive acrylate-based SMPs (tBA-co-DEGMA) at the
atomistic scale. Networks with different crosslink densities are created,
and calculations are performed for the Tg, glassy state modulus, rubbery
state modulus, and shape recoverability.

2. Materials and methods

2.1. Initial equilibration

The initial tert-Butyl acrylate (tBA) and di(ethylene glycol)

dimethacrylate (DEGMA) structures are created by Materials Studio
software [46] with consistent valence force field (CVFF) [37,47]. The
primary molecular structures of tBA monomer (C7H12O2) and DEGMA
crosslinker (C12H18O5) are schematically represented in Fig. 1. Each
cubic simulation box contains 2304 tBA monomers and 216 DEGMA
crosslinkers (total 447,552 atoms; more details are shown in Fig. S1), in
order to keep the mass ratio of tBA and DEGMAmolecules be 85:15 [37].
All Molecular Dynamics simulations in this study are conducted using
the LAMMPS software package (Large-scale Atomic/Molecular
Massively Parallel Simulator) [48]. This initial large system is created in
a low-density configuration to prevent overlaps and is then gradually
compressed. Periodic boundary conditions are applied in all directions,
and timestep of 1 fs is used. The system’s energy (with related to atomic
positions) is minimized using conjugate gradient (CG) algorithm. After
minimization, an equilibrated structure is obtained by subjecting the
system to a series of heating/cooling processes. This begins with equil-
ibrating the system at 298 K for 1 ns using constant pressure and tem-
perature (NPT) ensemble. The temperature is increased to 500 K from
298 K, and then the model is equilibrated at 500 K for 4 ns using NPT
ensemble with zero pressure. Next, each model is gradually cooled back
to 298 K, and an NPT ensemble is then performed at 298 K for 1 ns. At
the end of the relaxation procedure, the side length of each simulation
box reaches approximately 168 Å, as shown in Fig. 1c. Models are
visualized by Open Visualization Tool (OVITO) [49].

2.2. Crosslinking

Once the initial un-crosslinked system is equilibrated, the cross-
linking process starts. Crosslinking procedure is required to create the
new bonds and to write the force constants of newly formed bonds. The
crosslinking procedure follows an iterative approach involving MD
simulations in the LAMMPS code and topology updates in MATLAB, as
illustrated in Fig. 2. During the crosslinking stage, un-crosslinked
models are crosslinked using the ‘fix bond/create’ command in the
LAMMPS code, a method previously employed in studies [50–52]. Based
on our prior work [37], a new bond is formed when the distance be-
tween two active sites is less than 4.5 Å. Meanwhile, the new angle and
dihedral interactions are also introduced to account for the newly
formed bonds.

Within acrylate-based polymer networks, the monomer assumes the
role of the soft segment, resulting in shorter chains; the crosslinker is
added as the net-point (hard segment), weaving a network structure
throughout SMPs. Thus, crosslinking reactions occur between the car-
bon atoms on the ends of tBA molecule, as shown in Fig. 3a, as well as
between the carbon atoms on the ends of tBA molecule and the carbon
atoms of the crosslinker DEGMA molecule, as shown in Fig. 3b. It is

Fig. 1. Molecular structures of (a) tert-Butyl acrylate (tBA), and (b) di(ethylene glycol) dimethacrylate (DEGMA). (c) Initial uncrosslinked model of tBA-co-DEGNA
with dimensions of 168× 168× 168 Å.
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noted that there is one active polymerization site on each tBA molecule
and four active crosslinking sites on DEGMA molecule. Importantly, the
formation of the new bond is restricted to occurring between molecules
of different types.

The atom type of the crosslinked carbon atoms changes after new
covalent bonds are formed (changed from “c = ” to “c1”, “c2” or “c3”).
Hence, in the crosslinked network, the atom type of both crosslinked

atoms should be updated. In the updated topology, the force coefficients
for the new bonds, angles, and dihedrals should be assigned based on the
atom type of the newly introduced crosslinked carbon atoms. Besides,
the old topology information, which includes the reacted atoms, should
also be updated. For instance, before a reaction happens, the carbon
atom in tBA molecule forms a bond with one carbon atom (atom type “c
= “), and the bond type is “c = -c’“. However, after the crosslinking
reaction occurred, the bond type changes to “c1-c’” that is caused by the
change in atom type from “c” to “c1” (atom type of the reacted atom).
Similarly, all other related old topology information, including the an-
gles and dihedrals involving this crosslinked carbon atom is included,
should also be refreshed. After the new bonds, angle, and dihedral in-
teractions are created for ten search loops, the CVFF constants are
updated, using in-house MATLAB code. The system configuration is then
saved, and loops start again.

A crosslinked system is typically constructed at a temperature of 330
K and a pressure of 0 atm. The creation of new bonds, along with the
resulting angle and dihedral interactions, triggers a sudden rise in the
total energy and internal stress of the systems. To prevent abrupt energy
spikes, which may lead to unstable conditions, the system is relaxed
after each loop. This relaxation process involves equilibration through
both NVT and NPT ensembles. Once the systems attain equilibrium, a
new iteration starts again. Overall, we ran a hundred iterations to create
new crosslinking networks (new bonds and topology updates). After
every ten iterations, CVFF constants are updated using in-house MAT-
LAB code. Systems with updated CVFF constants are saved, resulting in
ten systems with increasing crosslinking densities. These ten systems,
along with the uncrosslinked system, were utilized to study the impact of
crosslinking on various properties.

2.3. Glass transition temperature (Tg)

After the crosslinking process, all 10 crosslinked systems undergo
energy minimization and are subsequently equilibrated for an additional

Fig. 2. Summary of process to generate crosslinked acrylate polymer sample.

Fig. 3. Schematic representations of (a) a polymerized set of tBA, and (b) a
crosslinked set of tBA and DEGMA.
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0.5 ns using an NPT ensemble, maintaining a temperature of 600 K and a
pressure of 0 atm. Then, the Tg is determined by analyzing the changes in
the mean square displacement (MSD) of polymer chain atoms. The MSD
curves are derived using the following formula:

MSD= 1
N
∑N

i=1
(ri(t) − ri(t = 0))

2
(1)

where the ri(t) is the mass center of the position of particle i at time t,
ri(t= 0) is the reference position of atom i, and N is the total number of
atoms in the simulation box. As the temperature decreases, the MSD
values of the NPT ensemble are recorded at intervals of 10 K, each for a
duration of 1000 ps, as shown in Fig. 4b. The Tg is identified as the point
at which a pronounced gap emerged between the MSD curves.

The second approach involves determining the Tg by gradually
cooling down all 10 crosslinked systems at a rate of 0.050 K/ps until
reaching a temperature of 150 K, as shown in Fig. 4d. Throughout this
cooling process, the density is monitored as a function of the tempera-
ture. The Tg is determined by identifying the intersection point of two
lines representing the glassy and rubbery regions. These lines are iden-
tified using a piecewise linear regression model.

2.4. Mechanical properties

Once the Tg is determined for all 10 systems with varying cross-
linking density, the material properties for the glassy (room tempera-
ture, 298K) and rubbery (high temperature, 400 K (~30 K above Tg)
states are computed. The stress–strain relationship of each system is
established through tensile loading conducted along the z-direction, as
shown in Fig. 4c. For deciding the strain rate, five strain rates are
simulated: 1e10/s, 5e09/s, 1e09/s, 5e08/s, and 1e08/s, which are
frequently used in MD simulations [53–60]. The resulting stress-strain
curves are shown in Fig. S4 in the Supplementary document. The
resultant stress-strain curves show that there is no significant behavior
change between 1e09/s, 5e08/s and 1e08/s. Thus, each system is
deformed at the constant strain rate of 5× 108 s−1 under an NPT
ensemble for both temperatures, employing a time-step of 1 fs.
Throughout the loading, a zero-pressure boundary condition is applied
in the other two dimensions of the simulation box.

2.5. Shape memory behavior

To understand the factors influencing the shape memory behaviors, a
thermo-mechanical loading cycle is implemented within the simula-
tions, as illustrated in Fig. 5, and has following steps.

Fig. 4. (a) The schematic diagrams of crosslinked system. Schematic description of (b) stepwise and a (d) continuous cooling to determine the Tg . (c) Molecular
model for uniaxial tensile deformation.
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(a) Rapidly heating the highest crosslinked structure (crosslinking
density = 62.7 %) obtained from section 2.2 from room tem-
perature (Tr = 298K) to the deformation temperature (Tdef ) (that
is above Tg).

(b) Maintaining the temperature at Tdef for 0.4 ns.
(c) Subjecting the sample to stretching with the strain up to 0.5 (εd =

0.5) at Tdef , with a rate of 1× 1010 s−1.
(d) Allowing for an NVT isochoric relaxation for 0.4 ns at Tdef .
(e) Cooling from Tdef to Tr.
(f) Keeping the temperature constant at Tr for 0.2 ns using the NVT

ensemble.
(g) Unloading the sample and releasing stress with the NPT ensemble

for 0.5 ns at a temperature of Tr.
(h) Reheating the system from Tr to the recovery temperature

(Trecovery ).
(i) Conducting NPT deviatoric relaxation at Trecovery for 0.5 ns, which

serves as the recovery step.

The heating and cooling rates of 0.5 K/ps are used in each heat and
cooling step, respectively. It should be noted that the strain rate of 1×
1010 s−1 used in deformation step (c) is higher than the strain rate used
in section 2.4. The strain rate for the shape memory polymer defor-
mation process is intentionally faster to achieve results more quickly. It
is important to note that the simulations discussed here are independent
of those described in sections 2.4, focusing specifically on the shape
memory behavior under specific conditions. The changes of the strains
in the cycles are recorded and the recovery ratio (Rr) is defined as Rr =
lp−lr
lp , where lp and lr are the length of specimen cube in its permanent and

recovered shapes, respectively.

3. Results and discussions

3.1. Crosslinked modeling

After polymerization, measuring the degree of crosslinking is

essential to verify the effectiveness of the crosslinking algorithm.
Crosslinking density refers to the ratio of bonds formed at particular
iteration to the total possible bonds in the system. As shown in Fig. 6a,
within acrylate-based polymer networks, the monomer assumes the role
of the soft segment that results in shorter and less bulky chains. This
increases the mobility of the molecular chains and facilitates easier
deformation especially when the material shifts from rigid plastic at
room temperature to soft rubber above its Tg. Concurrently, the cross-
linker serves as a net-point, weaving a network structure throughout
SMPs.

The crosslinking process is iterated up to 100 times, with the quan-
tity of crosslinking recorded every 10 iterations. After the crosslinking
process begins, the simulations continue until either the system runs
through the predetermined 100 iterations, or all activated reactive sites
can be crosslinked. As depicted in Fig. 6b, the tBA-co-DEGMA system
achieves its maximum crosslink density of 62.7% in the allotted number
of repetitions.

3.2. Glass transition temperature

Thermal transitions are significant in the development and use of
thermal-responsive SMPs and are also crucial for validating the
computational model. When the temperature increases, the polymer
transforms from a rigid solid, which exhibits minimal deformation under
external forces, to a highly elastic state with a significant increase in
deformation capacity. Tg is calculated by measuring the changes in MSD
and the density of SMPs.

MSD measures the deviation over time between a particle’s position
and its initial position, serving as a common method for assessing the
randommobility of atoms within a system.MSD curves are generated for
the system with highest crosslinking (iteration = 100) at different
temperatures to characterize thermal motion, as shown in Figs. 7a and
S2. As temperature increases, MSD values rise continuously, because of
the thermal motion of the molecules; moreover, these values gradually
increase over time. As temperature increases, MSD values exhibit a
continuous increase owing to the thermal agitation of molecules. MSD

Fig. 5. Schematic thermomechanical loading conditions for shape recovery.
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values increase with time for given temperature till equilibration. Dur-
ing the transition from a glassy to a rubbery phase in polymers, the
interplay of torsional and rotational motions alongside local mobility

facilitates chain disentanglement, culminating in a sudden surge in
diffusivity. This abrupt spike in diffusivity manifests as a sharp ascent in
the MSD curves plotted against time elapsed. By scrutinizing the

Fig. 6. (a) Schematics of polymerization and crosslinks of tBA (monomer) and DEGMA (crosslinker) mixture before and after the crosslinking process. (b) Cross-
linking density across iterations from 0 to 100.

Fig. 7. (a) MSD curves for the highest crosslinked system (crosslinking density = 62.7 %) at various temperatures. (b) MSD of the structure as a function of tem-
perature for the highest crosslinked system (crosslinking density = 62.7 %) at 200 ps. Intersecting point of fit of two linear regression lines is noted as Tg . (c) Density
as a function of temperature (blue line) for the system with the highest crosslinked (crosslinking density = 62.7 %). The straight-line fits (red lines) of the glassy and
the rubbery density versus temperature is shown. The Tg for this case is determined to be 379.8K. A similar analysis is done for the other 9 systems with different
crosslinking densities, as shown in Fig. S3. (d) The Tg values for different crosslinking densities. (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)
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intervals between individual MSD curves, a rough estimate of the glass
transition temperature within a 10 K range can be derived. In Figs. 7a
and S2, a clear distinction in the mobility of chain segments is evident
between lower temperatures (not exceeding 390 K) and higher tem-
peratures (not falling below 400 K). This abrupt transition between the
two temperature ranges is further highlighted in Fig. 7b, where the MSD
is re-plotted against temperature at 200 ps. Notably, the Tg is observed to
be around 390 K. To determine the optimal fit curve, an iterative pro-
cedure employing the piecewise linear function along with “orthogonal
distance regression” algorithms [61,62] is used.

The second method, the expansion method, uses the fact that the
glass transitions are second-order phase transition, where thermal
expansion coefficient changes abruptly before and after Tg. It is
commonly understood that during the glass transition of polymers,
molecular motion facilitates the disentanglement of chains. Conse-
quently, there is an increase in thermal expansion exhibited by the
polymers. This increase in thermal expansion manifests as a sudden rise
in volumetric properties. By examining the shifts in density with tem-
perature, one can approximate the value of the glass transition tem-
perature. This method can be considered more accurate than the first
method (using MSD) as it depends on the physical quantity of the system
that can be also measured in experiments. This method has been used in
multiple previous works [63–66]. Here, the temperature of systems is
decreased with varying crosslinking densities from 600 K to 150 K at a
cooling rate of 0.050 K/ps under isobaric conditions (NPT ensemble).
The recorded density for each system is plotted against the temperature,
as shown in Fig. 7c (for crosslinking density = 62.7 %) and S3 (for other
different crosslinking densities system). It is evident that for all the
systems, density decreases with increase in temperature, and a change in
slope is observed. The thermal expansion coefficient is proportional to
the slope and the temperature where the slope changes correspond to Tg.

The change in the slope (at Tg) indicates transition from a glassy state
(where chain segment motion is restricted) to a rubbery state (where
chain segments gain flexibility). Tg is estimated with piecewise linear
regression for all 10 systems. For example, Fig. 7c determines Tg of the
system that has highest crosslinking density (crosslinking density =
62.7 %) as 379.8 K. In experiments, our group obtained Tg value be-
tween 60 and 80 ◦C (from 333.15 to 353.15 K) for the same system [37].
The simulated cooling rate is at least several orders of magnitude faster
than achievable in any experiment, leading to a shift in Tg towards
higher values. This phenomenon has also been observed in previous
studies [67,68] and is primarily due to logarithmic cooling rate depen-
dence. The difference between MD simulations (crosslinking density =
62.7 %) and experiments (crosslinking density in experiment is not
known) is around 5.66 % indicates that the current model and cross-
linking process in MD simulations are capable of predicting Tg of poly-
mer systems.

Fig. 7d shows increase in Tg with increase in crosslinking density (or
iteration). A similar trend has been reported in previous studies [69–72].
In highly crosslinked networks, where the number of monomers be-
tween crosslinking points decreases, Tg can reach substantially higher
values in comparison to the non-crosslinked system. This increase is
attributed to the establishment of a more compact model structure with
a larger relative molecular mass in high crosslinking models. This hin-
ders the free movement of molecular chains, resulting in an elevated Tg.
Furthermore, a higher crosslinking density intensifies the hindrance to
molecular chain movement. An increase in crosslinking implies that the
transition has to change the property of a larger number of bonds, an-
gles, etc., which increases the required energy and thus increases Tg.

3.3. Mechanical behavior

The influences of the crosslinking density and temperature (above
and below Tg) on the mechanical properties of tBA-co-DEGMA SMP are
investigated. All 10 crosslinked systems are deformed at room (298 K)

and high (400 K) temperatures, with a constant strain rate 5× 108 s−1.
Fig. 8a–S5, and S6 present the typical stress–strain curves of the tBA-co-
DEGMA SMP with different crosslinking densities at room (298 K) and
high (400 K) temperatures, respectively. These trends are manifested in
the strength and Young’s modulus through the calculation of the slope of
the linear segment of the curves. The increase of corresponding prop-
erties for each state is illustrated in Fig. 8b and d.

Fig. 8b shows that Young’s modulus increases from 215 MPa to 1350
MPa, while the yield strength increases from 11 MPa to 73 MPa at about
8 % strain, with the crosslinking density increase from 0 % to 43.0 %.
Furthermore, Young’s modulus continues to rise to 1600 MPa, and yield
strength increases to 88MPa reaching the highest crosslinking density at
room temperature. This implies that the Young’s modulus and the yield
strength gradually increase as crosslinking density increase in glassy
(below Tg) state. This aligns with the usual pattern observed in poly-
meric systems, where highly crosslinked systems demonstrate a greater
capacity to bear loads compared to systems with lower levels of cross-
linked [73]. Experimentally, the tBA-co-DEGMA yields at a stress of
10.5 MPa, then breaks at ~0.3 strain; and the young’s modulus is
270.12 MPa [37]. Each experimental value is less than those from MD
simulation, because the strain rate in MD simulation is at ten orders of
magnitude higher than those in experiments. By using a linearized
Eyring-like model, Fig. S7 shows that the Young’s modulus values pre-
dicted by MD simulation align well with the experimental data. There-
fore, the MD simulation results can be considered reliable for predicting
the mechanical properties of copolymers, based on the agreement be-
tween the simulation and experimental outcomes. More detail can be
found in Fig. S7 of the Supplementary document.

Similarly, Fig. 8d displays that as the crosslinking density increases
from 0% to 43.0%, Young’s modulus increases from 29MPa to 160 MPa,
and the yield strength increases from 2.9 MPa to 8.1 MPa at about 8%
strain. Subsequently, Young’s modulus continues to increase by
approximately 700 MPa, and yield strength reaches 35 MPa at the
highest crosslinking density at 400 K. This highlights a gradual
augmentation in Young’s modulus and yield strength with increasing
crosslinking, particularly in the rubbery state (above Tg). On the other
hand, comparing Fig. 8a and c, the tBA-co-DEGMA exhibits reduced
mechanical properties at 400 K compared to the room temperature, and
the yielding point becomes less distinct. Young’s modulus decreases to
~700 MPa from 1600 MPa for the same crosslinking density tBA-co-
DEGMA, and the yielding point becomes less clear.

Furthermore, at room temperature, the stress curves show an in-
crease with higher strain until reaching the yield point. Subsequently,
stress undergoes a decline. More details are explained in Fig. S8. How-
ever, no significant stress decrease is observed in the stress-strain curve
at 400 K. This observation is rational as chain mobility increases at
higher temperatures, facilitating easier deformation. Conversely, the
melting of the crystalline phase can also contribute to reduced stiffness
and strength. Supporting this, Peng et al. [40] reported that 10 nm
amorphous Polyethylene (PE) nanofibers below the Tg exhibited more
pronounced necking after reaching the yield point compared to results
above the Tg, leading to stress decrease.

3.4. Shape memory behavior

The effects of recovery and deformation temperature on shape
memory performance are studied. A basic form of shape memory effect
in SMPs is shown in Fig. 5. As shown, the polymer samples are first
heated to a deformation temperature (Tdef ). Samples are subsequently
loaded at Tdef . After the loading, samples are cooled down to room
temperature. After unloading, samples have fixed deformed/temporary
shape at room temperature which finishes the shape fixing step for
SMPs. Original shape can be recovered from deformed/temporary shape
by heating the sample at Trecovery . In most of the cases, both Tdef and Tr
are more than Tg (thus Tg is also called shape memory transition
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temperature, Ttrans). As shown in section 3.2, Tg can be modified by
changing the degree of crosslinking thus modifying the required Tdef and
Trecovery . In this section, we show the impact of Tdef and Trecovery on shape
memory behavior of system with highest crosslinking density.

In the deformed/temporary state, a considerable internal stress is
stored within its crosslinking structure. Heating the structure above
Ttrans/ Tg releases this accumulated stress and original shape can be
obtained again. In experiments, slightly high temperature (~+10 K) is
used for recovery of the polymer, but these experimental temperatures
cannot cause notable recovery in atomistic simulations due to difference
in timescale (~ nanosecond runs in simulations) [74]. Recovery in the
atomistic simulations can be accelerated by using higher temperatures
than experiments. Here, we increased Tdef and Trecovery incrementally by
20, 40, and 80 K higher than Tg. Since Trecovery needs to be higher than
the Tdef , this results in total six conditions. The changes of strain in

tBA-co-DEGMA SMP with the highest crosslinking density during the
shape recovery process are recorded as shown in Fig. 9. Strain recovery
rates for six different conditions are shown and the recovery speed de-
pends on the deformation temperature and recovery temperature.

Fig. 9a reported that when Tdef = Tg + 20 K, raising the Trecovery
would progressively enhance the Rr parameter (as mentioned in section
2.5) from ~3 % to ~ 5.5 % and ~8 % for Trecovery increased from 20 to
40 and 80 K. Fig. 9b shows that when Tdef = Tg + 40 K, Trecovery shows an
insignificant effect on Rr. Moreover, comparing Fig. 9c, when using the
same Trecovery , the smaller the Tdef used, the larger the Rr shows. In
conclusion, increasing the Trecovery and decreasing Tdef , increases the Rr.
A similar phenomenon was reported in previous studies, including both
experimental observation [75] and simulation works [76,77]. Abberton
et al. [77] suggested both Tdef and Trecovery between 1.27 Tg and 1.90 Tg
to achieve the best shape recovery performance.

Fig. 8. (a) Stress–strain curves obtained at tensile deformation of un-crosslinked and crosslinked systems with crosslinking densities of 43.0 %, 51.5 % and 62.7 % at
room temperature (T = 298 K). (b) Yield strength (black) and Young’s modulus (red) with different crosslinking densities at room temperature (glassy state). (c)
Stress–strain curves obtained at tensile deformation of un-crosslinked and crosslinked systems with crosslinking densities of 43.0 %, 51.5 % and 62.7 % at high
temperature (T = 400 K). (d) Yield strength (black) and Young’s modulus (red) with different crosslinking densities at high temperature (rubbery state). (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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To better understand the effect of Trecovery , we considered potential
energy, as shown in Fig. 9. At the same relative Tdef , the potential energy
in the final period at higher Trecovery is also higher than at lower tem-
perature. This difference is the source of the difference in the simulation
system’s Rr. On the other hand, decreasing Tdef , increases the Rr at the
same Trecovery . This is due to the significant plastic deformation observed
at the net points and/or the occurrence of nonreversible flow within the
segments as the Tdef rises. When deformation is done at or a little above
the Tg , the material is in a state where it can undergo significant rear-
rangement without permanent plastic deformation. This means that any
deformation incurred is reversible, leading to enhanced shape recovery
during subsequent heating cycles.

4. Conclusions

In this work, molecular dynamics (MD) simulations are used to study
acrylate-based shape memory polymer system (tBA-co-DEGMA) with
various crosslinking densities. A crosslinking technique is introduced to
build a series of systems with different crosslink densities; several key
properties of this material, including thermomechanical property (glass

transition temperature), mechanical property (Young’s modulus and
yield strength) and shape memory properties are studied. The results
from the MD simulations show that an increase in crosslinking density
can cause the increase in Tg, as well as Young’s modulus, and yield
strength in both the glassy and rubbery states. Furthermore, the effect of
recovery temperature and deformation temperature are investigated.
Using the same recovery temperature, the smaller the deformation
temperature used, the larger the recovery ratio shows. The findings
reveal that SMPs exhibit ideal shape deformation at low temperatures
and efficient shape recovery at high temperatures. We expect that this
research will be useful in custom-designing new stimuli-responsive
materials as well as in gaining a deeper knowledge of the microstruc-
ture dependent thermo-mechanical behavior of shape-memory poly-
mers. Future simulation work can build on these results to examine the
effects of filler particles and to test HIFU-responsive on the SMP
behavior.
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