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ABSTRACT: In recent years, shape-memory polymers (SMPs) have received extensive
attention to be used as actuators in a broad range of applications such as medical and
robotic devices. Their ability to recover large deformations and their capability to be
stimulated remotely have made SMPs a superior choice among different smart materials in
various applications. In this study, a ductile SMP composite with enhanced shape recovery
ability is synthesized and characterized. This SMP composite is made by a mixture of
acrylate-based crosslinkers and monomers, as well as polystyrene (PS) with UV curing.
The composite can achieve almost 100% shape recovery in 2 s by hot water or hot air. This
shape recovery speed is much faster than typical acrylate-based SMPs. In addition, the
composite shows excellent ductility and viscoelasticity with reduced hardness. Molecular
dynamics (MD) simulations are performed for understanding the curing mechanism of

this composite. With the combination of the experimental and computational works, this study paves the way in front of designing

and optimizing the future SMP devices.

KEYWORDS: shape memory polymer composite, tertbutyl acrylate (tBA), polystyrene (PS), mechanical properties,

molecular dynamics (MD)

1. INTRODUCTION

Shape memory polymers (SMPs) are a class of smart materials
that can store one or more intermediate shapes and recover to
their permanent shape when subjected to an external
stimulus.'~* The ability of being responsive to multiple stimuli®
enables SMPs a superior choice for applications in soft actuator
and soft robotics.”” For certain types of SMPs,® being
biodegradable and biocompatible also make them potential
candidates in biosensing”'® and controlled drug delivery
fields.""~"* SMPs can be usually catesgorized into several types,
namely, chemo-/thermoresponsive,'”~"* and photoresponsive
SMPs.”® When the temperature rises, the thermoresponsive
SMPs absorb heat to accomplish shape recovery due to the inner
phase transition or component softening/transition.'® Com-
pared to traditional shape-memory materials, such as shape-
memory alloysn’22 and shape-memory ceramics,”> SMPs are
flexible, inexpensive, lightweight, and consequently applicable in
a broad range of devices. Because of these advantages of SMPs,
the study of their properties has received extended attention in
the past several years.

Among multiple types of SMPs, acrylate-based AB copolymer
networks, obtained from the copolymerization of monomers
and crosslinkers, have remarkable advantages such as the
biocompatibility,”*** relative ease of preparation,”® and three-
dimensional/four-dimensional (3D/4D) printability.””~** For
instance, Yu et al. demonstrated a photopolymer printable
tertbutyl acrylate (tBA)-co-di(ethylene glycol) dimethacrylate
(DEGMA) network.” Using the stereolithography apparatus
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(SLA) technology, thermoresponsive acrylate-based SMPs with
complex geometry can be fabricated. Hongzhi and co-workers
also presented a four-dimensional printing method to fabricate
acrylate-based SMPs.>" Antony et al. synthesized a type of SMPs
using tBA and poly(ethylene glycol) dimethacrylate (PEGD-
MA). The synthesized SMP sample can recover from the
deformed shape (a deformed M-shape filament) to the
permanent shape (a straight filament) in 45 s after being
completely immersed in 55 °C hot water. By adding diurethane
dimethacrylate (DUDMA) to the existing tBA-PEGDMA SMP
matrix, the shape recovery rate of this SMP network become
around 20 s for full recovery.*”

Despite many works reported on fabricating efficient SMPs,
experiments have shown that fulfilling a ~100% shape recovery
within a few seconds (<10 s) is still challenging. If SMPs have a
large recovery percentage and fast response, it will make them a
good candidate for being used as remote actuators. One example
is the high-intensity focused ultrasound (HIFU) induced in vivo
drug delivery system because HIFU can remotely and
noninvasively actuate SMPs. However, the actuation is usually
slow, and the recovery percentage is low, which emerges the
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Figure 1. Schematic showing processing steps to prepare a tDPS composite.
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Figure 2. Digital image (a) and stress—strain curves (b) of PS, tD, and tDPS samples.

need for new classes of SMPs with large recovery percentage and
a fast response. We have recently investigated the influence of
the chemical composition of SMPs on HIFU-induced shape
recovery.' ">~ In these works, tBA and DEGMA were used as
monomer and crosslinker to synthesize SMPs. It was shown that
the chemical composition (the ratio of monomer to crosslinker)
has a significant effect on the final shape recovery ratio of SMPs
(Need to note that selecting a proper programming temperature
can also help optimize the shape recovery performance even
without modifying its composite,‘%’37 but we choose to tune the
chemical composite in this work). Tuning the composition ratio
could help achieve a higher shape recovery ratio after a 20 s
continuously ultrasonic exposure. However, the maximum
recovery ratio was around 20%. In our recent study, it was
found that the HIFU-induced thermal effect for polymers is
closely associated with the viscoelasticity of materials.”® The
viscous damping caused by the HIFU results in an obvious
heating difference. The computational works indicated that
more heat is generated in viscoelastic amorphous polymers
when they are subject to HIFU compared to crystalline
polymers.

Therefore, to design more efficient HIFU-induced SMP
devices, the targeted properties of SMPs fall into two aspects. On
the one hand, the actuation of SMPs should be efficient, which
means sufficient heat can be accumulated at relatively low
acoustic power exposure. On the other hand, SMPs should have
adequate recoverability, which is closely associated with the
elastic part (the crosslinking in the thermoset material). It refers
that SMPs can achieve fast full recovery, such as a 95% or more
recovery ratio within 10 s, when subject to traditional heat
sources (like hot water or air). In this study, an acrylate-based
polymeric composite with a superior shape-memory ability is
synthesized. This composite can achieve almost 100% shape
recovery ratio within 2 s under hot air/water. From the dynamic
mechanical analysis (DMA) test, it is observed this composite
also have relatively large viscoelasticity, which may lead to a
good thermic response triggered by HIFU. Nanoindentation

tests are also conducted to further explore the related
mechanical properties of this composite. Additionally, molecular
dynamics (MD) simulations are also performed to study the
reasons behind these properties at the atomistic scale by
investigating the crosslinking mechanism for the curing process
of this composite.

2. MATERIALS AND METHODS

tert-Butyl acrylate (tBA), di(ethylene glycol) dimethacrylate
(DEGMA), polystyrene (PS) pellets with typical molecular weights
of M,, = 35 000, toluene (anhydrous, 99.8%), and the photoinitiator 2,2-
dimethoxy-2-phenyl-acetophenone were purchased from Sigma-
Aldrich and used as received condition without further alternation.
Molds are ordered from Allied High Tech Products, Inc. In a typical
experiment, tBA (monomer) and DEGMA (crosslinker) were first
mixed at a weight ratio of 85:15, followed by 1 wt % photoinitiator
added into the solution. The solution was then fully stirred for 20 min.
In addition, 1.5 g of PS pellets were added into 8.5 g of toluene. The
solution was stirred at 50 °C for 2 h to make PS pellets fully dissolved.
The prepared tBA—DEGMA solution and PS solution were mixed at a
weight ratio of 85:15 (2.55 g of tBA-DEGMA solution and 0.45 g of PS
solution in this case) and stirred for another 20 min. Afterwards, the
resultant mixture was cured in a Teflon open mold (without cap) with
365 nm UV light exposure for 15 min. The prepared SMP composites,
namely, {DPS, were postcured inside the fume hood for 24 h. The tDPS
sample is cut into 10 mm X 2 mm X 1 mm strip for mechanical tests and
25 mm X 3 mm X 1 mm for the shape recovery test. The entire synthesis
procedures are shown in Figure 1.

To provide a comparison between tBA—DEGMA SMP (we will call
it tD in all following sections for convenience), PS and the tDPS
samples, pristine tD and PS samples were obtained by UV curing and
the drop casting method separately. A detailed synthesis method for tDs
is in our previous paper."’ For PS samples, 1.5 g of PS pellets were
dissolved into 8.5 g of toluene. The well-mixed solution was then
dropped on a 25 mm X 25 mm mica substrate (Highest Grade V1, Ted
pella). A pristine PS film can be easily peeled off from the mica substrate
after 24 h solvent evaporation in fume hood.

The uniaxial tensile tests and dynamic mechanical analysis (DMA)
were measured by a universal testing system (MTS Tytron 250). The
tensile tests were performed with a strain rate of 0.0067 s™*
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(displacement control). In addition, dynamic mechanical thermal
analysis is also done by a TA-Q800 DMA tester (TA Instruments) to
measure the storage modulus, loss modulus, and tan delta for the
samples. The oscillation frequency is 1 Hz, and the temperature is
increased at a rate of 2 °C/min. Differential scanning calorimetry
(DSC) measurements were performed on a TA-Q200 DSC tester (TA
Instruments). The samples in the aluminum pans were analyzed under
nitrogen condition at a heating rate of 5 °C/min. Testing cycles were
run from 30 to 120 °C. In addition, the mechanical tests in the out-of-
plane direction of the samples were conducted by a nanoindenter
(Hysitron TI950, Eden Prairie, MN). The peak load 500 uN was held
for 1 s with a loading and unloading rate of 50 4#N/s. The depth at the
peak loading is small enough to maintain a quasistatic state.

Molecular dynamics simulations were performed to investigate the
crosslinking mechanism during the curing process of tDPS and ¢D. All
simulations were implemented by the molecular dynamics simulator
LAMMPS.*® Two simulation systems, one contains {BA, DEGMA and
PS monomers/chains, and another only contains tBA and DEGMA,
were created using the open-source package Moltemplate*>*" and
Packmol.*”* The postprocessing is processed by the software Ovito.**
Each simulation takes around 4 h on 48 CPUs.

3. RESULTS AND DISCUSSION

Samples made of PS, tD, and tDPS prepared by the methods
described in the previous section are shown in Figure 2a. From
DSC and DMA measurements (Figures S1—SS), the glass
transition temperature of PS is 95 °C and the transition ranges of
tD and tDPS samples are from 60 to 80 °C. Notably, although PS
and tD are transparent polymers, tDPS, as a combined
composite of PS and D, is a type of white material with
relatively low transparency. These samples are then cut into
strips to perform a uniaxial tensile test. It can be found that PS
and tD are brittle while tDPS is a ductile material. As shown in
Figure 2b, the stress of PS increases dramatically at the initial
regime of strain and breaks at a strain level of ~0.03. A
pronounced increase also presents at the early stage of the stress
curve of tD. The tD yields at a stress of 10.5 MPa, then breaks at
~0.3 strain. In contrast, tDPS shows a significantly different
stress—strain response. The material stiffness decreases
prominent with an extended ductility. The young’s modulus of
PS, tD, and {DPS are 597.24, 270.12, and 39.55 MPa,
respectively. The maximum stress of tDPS during the tensile
test is ~1.5 MPa, and the sample can be elongated to a strain of 1
without breaking. The possible reasons for this mechanical
response variation will be investigated later by MD simulation.

The programming and shape recovery process of the tDPS
sheet are shown in Figure 3. The initially flat (permanent shape)
tDPS sample is deformed to an angle of 5°. The deformed shape

prf@éﬁwing
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Figure 3. Illustrations of the programming and recovery of the tDPS
sheet sample. See text and the videos in the Supporting Information for
details.

(intermediate shape) is programmed for 10 s. After the load
releases, the bended sample will return to an angle of 50°
automatically because of the elastic component in the material.*®
Subsequently, a regular hair dryer is used to apply hot air to the
sample. As shown in Figure 3 and the video (Movie SI,
Supporting Information), it is observed that the filament will
return to its initial shape (A = 175°) within 2 s after heating by
the hair dryer. In another scenario (Movie S2, Supporting
Information), the deformed composite is immersed into hot
water (temperature ~65 °C); the sample also shows a very fast
recovery to its original shape (flat shape, A = 175°). Notably,
although bending has some limitations to characterize shape-
memory effect, such as the strain in the bended area is not
uniform.** However, bending is one of the most common used
and straightforward ways to evaluate the performance of shape-
memory effects quantitively. In this study, we still use bending
and tracking the change of bended angle to characterize the
shape recovery ability of the samples.

The synthesized {DPS is able to achieve good temporal and
spatial effects. From Figure 3, the tDPS sample has almost 100%
shape recovery, which is S times more than the maximum shape
recovery of tD (~20%) shown in our previous work.'' A very
quick response (recovery in 2 s) is also observed when direct
heat is applied. The better recovery degree can be due to the
improved thermal processability.” These results show that the
tDPS has a remarkably better recovery ability compared to tD.

The tensile stress hysteresis loop of the tDPS sample is shown
in Figure 4a. The test was performed with loading/unloading
rate is 0.0067 s~' without any peak load holdings. The large areas
in the hysteresis illustrate the high viscoelasticity of the
composite, given the fact that the loading and unloading locus
will overlap for ideal elastic material.***” To further explore the
mechanical properties of tDPS, the DMA test is performed. A
10% prestrain is first applied on the sample, and then the sample
is subjected to cyclic loading and unloading with constant strain
rates. The frequency is 1 Hz, and the amplitude is 10% strain. In
Figure 4b, there is a 56.14° phase lag between the stress—strain
curves on average, which again indicates the high viscoelasticity
of the tDPS sample.

It is worth noting that the viscoelasticity makes tDPS having a
great potential for being actuated with HIFU. The vibration-
induced damping loss and viscous internal friction inside tDPS
may result in an obvious heating effect, even when the power
level of the trigger (HIFU) is relatively low. In this way, the
“onset” shape recovery temperature can be reached when
subject to lower-level acoustic power, which helps to avoid the
unpredictable damage inside the polymer and easier actuation
for soft actuator applications.

As shown in Figure Sa, the reduced Young’s Modulus of the
PS, tD, and tDPS samples are 4.46, 3.72, and 0.02 GPa
separately. Figure Sb compares the hardness of PS, tD, and tDPS
samples by nanoindentation. Figure Sc shows typical loading—
unloading curves for the samples during the nanoindentation
test. The tDPS sample shows a much larger indentation depth
(displacement in the indenting direction) at the peak loading
because hardness depends on stiffness and strength. Grouping
Figure Sa—c, these results correspond well with tensile test
results in Figure 2b.

A question that needs to be answered here is why ¢D and tDPS
show totally different mechanical properties. As mentioned, tD
is synthesized from the mixture of DEGMA and tBA, while tDPS
is cured from the mixed solution of DEGMA, tBA, and PS. We
hypothesize that PS plays an important role during the UV
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Figure 4. (a) Stress hysteresis loop of tDPS composites and (b) corresponding phase lags between stress and strain by the DMA test.
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Figure 6. (a) Schematics of polymerization and crosslinks of tBA (monomer) and DEGMA (crosslinker) during the polymer UV curing process. (b)
Representation of fDPS (tBA—DEGMA + PS) and tD (fBA—DEGMA) systems in the simulation box. Periodic boundary conditions are applied in , ,
and z directions. (c) and (d) show the evolution of crosslinked sites and polymerization sites for these two systems for the entire curing process

(iterations from 0 to 100).

curing procedure and investigate the potential mechanism with
MD simulations. Figure 6a displays the schematic of the UV
curing process.’”’' The monomers of fBA would polymerize
together into long chains and finally form the crosslinked
network with the crosslinker DEGMA. Two MD simulation
boxes are created with periodic boundary conditions in x, y, and
z directions. Each simulation box contains 288 tBA monomers
and 27 DEGMA crosslinkers (the mass ratio of tBA and
DEGMA molecules is 85:15), separately. One of the boxes also
has 27 short PS chains (chain length N = 8) inside. There are one
active polymerization site on every tBA molecule and two active
crosslinking sites on DEGMA. A distance-based bond creation
criterion for the polymerization and crosslinking is used.
Specifically, a new bond will form when the distance of two
active sites is shorter than 4.5 A. Note that the new bond can

only form between different molecules. To avoid sudden energy
jump, which may result in nonequilibrium, the system will then
equilibrate by NVT (constant substance amount N, constant
volume V, and constant temperature T) and NPT (constant
substance amount N, constant pressure P, and constant
temperature T) ensembles, as well as the energy minimization
process. After the systems reach equilibrium again, a new
iteration can be started. CVEF potential force file** is used in all
MD simulations. The motion equations in the simulations are
integrated by velocity—Verlet algorithm with a timestep of 1 fs.
The temperature is held at 330 K by Nosé—Hoover thermostat
with a damping constant of 0.1 ps.

The schematic representation of the polymeric system after
polymerization and crosslinking (iteration = 100) is illustrated
in Figure 6b. The polymerized and crosslinked sites are
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highlighted in yellow and orange, respectively. Figure 6¢c,d shows
the evolution of the number of crosslinked and polymerized
sites. Grouping Figure 6b—d, it is found that the added PS can
hinder the polymerization and crosslinking processes by 9.77
and 23.64%, separately, which prevent the mixture form a tightly
crosslinked network during the curing process. Notably, the PS
chain length in MD simulation is much shorter than in real
experiments; so the quantitative values (9.77 and 23.64%) here
only provides a lower boundary threshold. The decreased
polymerization and crosslinking rates will result in shorter
molecular chains and looser networks, which enables larger local
molecular mobilities. Hence, the tDPS has a lower stiffness and
hardness compared to the well-crosslinked ¢D. Additionally,
short chains and the loose network can also yield to more
liquidus behaviors, in other words, higher viscoelasticity. On the
other hand, it is worth noting that pristine PS is a brittle material
with relatively high stiffness. This is because lots of
entanglements are inside the pure PS system. For t{DPS in this
case, PS chains are much less entangled due to the obstructs of
tBA and DEGMA, which finally makes tDPS a ductile material.

4. CONCLUSIONS

In this study, a novel shape-memory composite tDPS is
synthesized and systematically studied by experiments and
molecular dynamics simulations. The composite exhibits
enhanced shape recovery ability, which can reach almost 100%
recovery ratio in 2 s triggered by hot air or water. From
corresponding mechanical tests, the composite shows reduced
hardness and relatively high viscoelasticity. Moreover, molecular
dynamics simulations are also used to study the related
mechanisms. It is found the added PS can lower the
polymerization and crosslinking ratio during the curing process,
in which alters the mechanical properties. Overall, these results
indicate that t{DPS is a promising material for the application of
shape-memory polymer-based devices, and the corresponding
computational works pave the way in front of understanding the
mechanism and optimizing the design for SMP devices.
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