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Abstract
Molecular simulations are powerful tools for revealing the properties of polymers at the molecular level. In particular,
coarse-grained molecular dynamics simulations are useful for elucidating the deformation and fracture processes of
polymers. However, in the case of crystalline polymers, it is difficult to reproduce experimentally observed structures and
mechanical properties using these models. This review describes our recent investigations into the deformation and fracture
processes of crystalline polymers using coarse-grained molecular dynamics simulations. We were able to successfully
reproduce the lamellar structure of polyethylene, which is a fundamental structural feature of this polymer, and obtain a
stress–strain curve that exhibited good consistency with that observed experimentally. The molecular dynamics simulations
revealed that void generation in the amorphous layers was caused by the movement of the chain ends, which is difficult to
observe through experiments. The conditions required to reproduce the experimentally observed structure and mechanical
properties using molecular simulations are also discussed.

Introduction

The mechanical properties of polymers and their composites
play a crucial role in the applications of these materials.
Because crystalline polymers such as polyethylene, poly-
propylene, polyvinyl alcohol, and polyoxymethylene have
hierarchical structures, their deformation and fracture pro-
cesses are complex but of great importance. Understanding
these processes is vital for improving the mechanical
properties of the polymers, and thus, they have been
actively studied [1–6]. Alongside experimental approaches,
computational simulations represent a powerful tool for
elucidating the deformation and fracture processes of
polymers at the molecular level.

In terms of computational simulations, coarse-grained
molecular dynamics simulations have been extensively used
to reveal the fracture processes of polymers because

polymer dynamics occur over extended timescales and
lengths. The fracture processes of polymer glasses have
been studied in bulk materials [7–10] and thin films [11], as
reviewed previously [12]. It should be noted that a full
experimental system cannot be modeled by molecular
simulations, even by using coarse-grained models; it is
therefore difficult to directly compare the results of
experiments and simulations. Molecular simulations typi-
cally rely on modeling a small region of experimental
samples. For example, coarse-grained molecular dynamics
simulations have been used to simulate the fracture process
around a crack and monitor crack propagation in polymer
glasses at the molecular level [7, 8].

Although the fracture processes of polymer glasses have
been successfully revealed, those of crystalline polymers
remain unclear at the molecular level. To our knowledge,
there have been few studies of the fracture processes of
crystalline polymers using molecular simulations; these are
summarized briefly. Rutledge et al. first simulated the
fracture processes of crystalline polymers. They modeled
the lamellar structure of polyethylene, in which amorphous
layers are sandwiched by crystalline layers, and stretched it
using a coarse-grained molecular dynamics simulation [13–
16]. Yamamoto also used a coarse-grained molecular
dynamics approach to simulate the crystallization of poly-
ethylene and study its fracture process [17]. These studies
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revealed the generation of voids in the amorphous layer.
However, the simulation sizes used in these studies were
still too small to unravel the entire fracture process of the
lamellar structure. A large-scale simulation consisting of
4.3 × 106 beads was performed by Jabbari-Faouji et al. [18,
19] using a coarse-grained model of polyvinyl alcohol. The
authors adopted a polycrystalline structure and revealed the
orientation of polymer chains along the stretching direction.
The results demonstrated the effectiveness of the simulation
approach for understanding fracture processes at the mole-
cular level, although the structure used in the simulation
was not in agreement with the experimental one. All-atomic
models have also been investigated. Monasse et al. studied
the fracture process of the lamellar structure of polyethylene
and revealed the stretching process of the tie chains [20].
O’Connor et al. modeled fiber structures of polyethylene
based on completely straight polymer chains and deter-
mined their yield stress [21]. However, problems with these
methods persist. In particular, the lamellar structure gen-
erally observed experimentally has not been constructed in
large-scale simulations; therefore, the obtained stress–strain
curves are not in agreement with the experimental ones.

To elucidate the deformation and fracture processes of
crystalline polymers by molecular dynamics simulations,
both atomic information and a large simulation size are
essential. The atomic information is required for the crys-
tallization of the polymer chains, while a large-scale
simulation is crucial for constructing the hierarchical
structure and modeling the high-molecular mass of crys-
talline polymers. There are two feasible approaches for
meeting these requirements. One is to use an all-atomic
model and increase the simulation size. The other is to use a
coarse-grained model and gradually incorporate atomic
information. In the latter case, the problem is determining
how to consider the atomic-scale information and how
much to enlarge the simulation size. Recently, we suc-
cessfully constructed the lamellar structure of polyethylene
and demonstrated that the stress–strain curve agrees with
that obtained experimentally [22]. This review discusses our
recent work in this area [22–24]. A simple coarse-grained
model is used, and atomic-scale information is added. Then,
the factors required to reproduce the mechanical properties
of crystalline polymers using molecular simulations are
discussed.

Coarse-grained model

In this section, coarse-grained models of polyethylene are
discussed, which are depicted in Fig. 1. In an all-atomic
model (Fig. 1a), each of the atoms is represented by one
sphere. In the coarse-grained model shown in Fig. 1b,
which is referred to as the united atom model, each CH2

group is represented by one sphere. Coarse graining there-
fore decreases the total number of spheres, which reduces
the computational cost. Consequently, the size and time-
scale of the simulation can be increased. In the coarse-
grained model depicted in Fig. 1c, which is referred to as
the bead-spring model, several CH2 groups are represented
by one sphere. In this model, atomic information is absent,
and the polymer behaves as a chain. The degree of coarse-
graining was changed. Initially, the most coarse-grained
model discussed in this review is adopted. Then, to reflect
the properties of polyethylene, the bending potential
required to realize the gauche conformation is used. Finally,
the attractive interaction is increased by decreasing the
average distance between bonding monomers. In this pro-
cedure, the model gradually approaches the actual structure
of polyethylene. In other words, the model transitions from
Fig. 1b, c. This method can be used to reveal important
information about the properties of crystalline polymers.

In all of these models, the potential energy of the system
consists of bonding, bending, and attractive and repulsive
terms. The details of the potentials and coefficients have
been previously described [22, 23]. For the attractive and
repulsive terms, the Lennard–Jones potential is used. The
bonding and bending terms are briefly explained here.
These potentials are important for the properties of poly-
ethylene and affect the polymer’s crystal structure. For the
bonding term, the following equation is typically used:

Ua
bond¼

1
2
kabond l� l0ð Þ2 ð1Þ

where l is the bond length between neighboring monomers,
l0 is the equilibrium bond length, and kabond is the force

Fig. 1 a All-atomic model of polyethylene. Each carbon or hydrogen
atom is represented by one sphere. b United atom model of poly-
ethylene. Each CH2 group is represented by one sphere. c Bead-spring
model. Several CH2 groups are represented by one sphere. The size and
timescale of the simulation are increased, but atomic information is lost
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constant for the spring. To allow for bond breaking during
the stretching process, the following equation is used:

Ub
bond¼kbbond l� R0ð Þ3 l� R1ð Þ þ U0 ð2Þ

where R0 is the length at which the bond breaks, R1 is the
average bond length, and U0 is the energy barrier to bond
breaking. The coefficient kbbond is determined by R0, R1, and
U0. This type of potential has also been used to study the
fracture of glassy polymers upon stretching [8]. In two
previous reports [23, 24], the coefficients were set as
follows: kbbond ¼ 3600ϵ=a2, R0= 1.5a, R1 ¼ 2:5

3:0 a, and U0=
75.0ε, where the length and energy units are normalized by
a and ε, respectively. The energy barrier to bond breaking
was 75.0ε, the average bond length was approximately
1.0a, and the length at which the bond breaks was 1.5a. In
another study [22], the coefficients were set as follows:
kbond¼1:1� 105ϵ=a2, R0= 0.75a, R1= 0.27a, and U0=
643.7ε. The average bond length was ~0.39a, and the length
at which the bond breaks was 0.75a.

For the bending term, the following equation is used in
the simplest case:

Ua
bend ¼

kθ
2

1� cosθað Þ2 ð3Þ

where θa is the angle between adjacent bond vectors. The
coefficient kθ determines the rigidity of the polymer chains.
The linear shape is the most stable, and the energy gradually
increases with bending. Schematic depictions of the
polymer chains are presented in Fig. 2. When the bending
potential described by Eq. 3 is applied, the polymer chain
bends into a circular shape (Fig. 2a). In a previous study
[23], the coefficient was set to kθ= 20ε. For the bending
elasticity, the persistence length was lp ’ 4:5a. This
polymer chain is slightly rigid and can therefore be
considered a semiflexible chain. According to this model,
the single-polymer chain exhibits a toroidal crystal structure
[25, 26].

To adequately reproduce the properties of polyethylene,
the gauche conformation should be incorporated. In this
case, the following equation is used for the bending term:

Ub
bend ¼ kabend � kbbend cos θb � cos θ0

� �

þkdbend cos θb � cos θ0
� �3

ð4Þ

where θb is the C–C–C bond angle. The parameters are
selected to realize the following characteristics: the linear
state is the most stable, the perpendicular state is a less
stable local minimum, and an energy barrier exists between
the two states. When Eq. 4 is applied, the polymer chain
bends orthogonally as shown in Fig. 2b. In previous studies

[22, 24], the coefficients were set as follows:
kabend ¼ 12:428ϵ, kbbend ¼ 38:370ϵ, kdbend ¼ 123:38ϵ, and θ0
= 108.78 (deg). To increase the density of attractive
interactions, the average bond length was decreased, leading
to the cylindrical shape shown in Fig. 2c. In the united atom
model (Fig. 1b), the monomers are positioned in a zigzag
manner, and the polymer chain is shaped like a plate.

The length of each polymer chain remains the same
throughout the simulations. In previously developed coarse-
grained molecular dynamics simulations, the chain lengths
were N= 1078 [17], N= 513 [15], and N= 300 [18, 19]. In
our simulations, the chain lengths were set to N= 400
(Fig. 2a) [23], N= 2000 (Fig. 2b) [24], and N= 1000
(Fig. 2c) [22], which are long compared with those in
previously reported simulations. In the united atom model
of polyethylene [15, 17], a monomer (bead) corresponds to
a CH2 group. In the model shown in Fig. 2c, a monomer
also corresponds to a CH2 group. In more coarse-grained
models, a monomer is composed of several CH2 groups.

Crystal structure in the previous studies

The conformation of a polymer chain and the corresponding
crystal structure depend on the potentials. The details of the
crystal growth process in molecular simulations were

Fig. 2 Schematic images of polymer chains modeled using various
potentials. a The polymer chain bends in a circular shape upon
applying Eq 3. b, c The polymer chain bends orthogonally upon
applying Eq 4. The smaller bond length in the case of c leads to a
cylindrical shape with the monomers closer together
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previously reviewed [27]. To elucidate the mechanical
properties of crystalline polymers, it is essential to construct
the polymers’ crystal structure. However, it has been
reported that molecular dynamics simulations realize
spinodal-assisted crystallization in poly(vinylidene fluoride)
and polyethylene models, owing to the simulation time
limitation (rapid cooling rate) [28]. Therefore, modeling
methods for constructing the crystalline structure of poly-
mers are required. This focus review discusses the rela-
tionship between the coarse-grained model and crystal
structure.

In previous studies focusing on the mechanical properties
of crystalline polymers, various methods were used to
construct the crystal structure, which are summarized as
follows. To more accurately reproduce the crystallization
process, Yamamoto [17] modeled the crystallization process
in fluids and successfully constructed a lamellar structure
using a coarse-grained molecular dynamics simulation. The
Monte Carlo method has also been used to construct
lamellar structures [13–15]. These studies adopted the uni-
ted atom model of polyethylene. To prepare a large-scale
structure consisting of 4.3 × 106 beads, a small crystal grain
was obtained and then copied [18]; the authors of this study
used a coarse-grained model of polyvinyl alcohol similar to
the model presented in Fig. 2c.

Polycrystal structure

Efforts have been made to construct crystal structures, and
our findings are summarized here. The most coarse-grained
model (Fig. 2a) was initially used. To enhance crystal-
lization, the method proposed by Koyama et al. [29] was
adopted, in which the cell is elongated in one direction with
the orientation of the polymer chains. Figure 3a, b show a
constructed crystal structure and a typical polymer chain in
the crystal structure, respectively. Although the polymer
chains are able to fold, the crystal domains are distributed
randomly and the crystallinity is low. Because the polymer
chains bend circularly, the amorphous regions become large.

Figure 3a shows the fracture process of a crystalline
polymer containing randomly distributed crystalline
domains. Upon stretching, a void is generated and then
grows parallel to the stretching direction. Figure 3b shows a
typical polymer chain during the fracture process. The figure
shows that some bonds dissociated during stretching. The
melt state was also stretched; however, in this case bond
dissociation was not observed. Therefore, in the crystal
structure, the polymer chains do not easily relax in response
to stretching, and the bonds become elongated. In the
crystalline structure, the stress strongly depends on the
stretching velocity, whereas this dependence is weak in the
melt state. This observation also confirms that the polymer

chains in the folded state do not easily relax in response to
stretching. The obtained structure is not consistent with the
typical experimental result; however, this simple model
demonstrates that the relaxation time of the folded structure
is long compared with that of a random coil [23].

We examined the influence of the stretching velocity on
the mechanical properties. The velocity was set to 0.06a/τ,
0.01a/τ, 0.006a/τ, 0.002a/τ, and 0.001a/τ, where a and τ are
the units of length and time. The stress critically decreased
with a decrease in the stretching velocity, whereas the
amorphous polymers were not sensitive to the stretching
velocity. This finding also shows that the relaxation of
crystalline polymers is much slower than that of amorphous
polymers.

Lamellar structure with low crystallinity

To solve the problem of circular bending related to the
polycrystal structure of polymers, a model based on

Fig. 3 Fracture process of a crystalline polymer upon stretching. a
Cross-sectional and b typical single-chain snapshots, where the blue
and green regions represent the crystalline and amorphous domains,
respectively. The stretching speed was set to 0.06a/τ
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orthogonal bending, as shown in Fig. 2b, was used. Fur-
thermore, a cyclic force was applied to construct the crystal
structure because it is difficult to obtain the lamellar struc-
ture without excessive computational cost. Figure 4a and b
show the constructed crystal structures consisting of
4.0 × 104 and 1.0 × 106 monomers, respectively. Whereas a
blurred lamellar structure was observed in the smaller
model (Fig. 4a), the lamellar structure was successfully
constructed in the larger model (Fig. 4b). Figure 4c shows a
typical snapshot of a folded polymer chain. Therefore, when
the polymer chain bends orthogonally, it is possible to

construct the lamellar structure using cyclic force. However,
the crystalline regions are still narrow.

The lamellar structure was stretched along the oriented
direction, and the fracture process is shown in Fig. 5.
Fragmentation of the lamellar layers was observed [24] in
agreement with the experimental observations made using
electron microscopy [30]. However, the stress–strain curve
was not consistent with that obtained experimentally [31].

Lamellar structure with high crystallinity

To increase the length of the crystalline domain, we
increased the attractive interaction by adopting the model
shown in Fig. 2c. Upon applying a cyclic force, a lamellar
structure was not obtained from the melt state. The reason is
that entanglements are conserved during the crystallization
process [1]. To decrease these entanglements prior to the
crystallization, we positioned all of the polymer chains
linearly and then performed the relaxation simulation using
the NPT ensemble method. Subsequently, we applied a
cyclic force to construct the lamellar structure and copied
the cell to increase the simulation size. Figure 6 shows the
constructed lamellar structure consisting of 3.0 × 106 beads.
The size of the crystalline regions increased compared with
that shown in Fig. 4b. Therefore, the lamellar structure was
successfully constructed. The lamellar thickness was set to
15 nm, which is a typical experimental value [32, 33].

Structures at the molecular level, such as loops, entan-
glements and tie chains, were compared with those in the
lamellar structure constructed by Rutledge et al. [13–15].
The number densities of the loops and entanglements in the
structure shown in Fig. 6 were similar to those reported in
the previous studies by Rutledge et al., whereas the number
density of tie chains was higher. These differences were
ascribed to the fact that the crystallinity of our constructed
lamellar structure was higher than that obtained in previous
studies and the amorphous thickness obtained in our work
was lower. Therefore, our constructed lamellar structure is
reasonable for elucidating the mechanical properties of this
polymer.

Figure 6a, b show the fracture processes of the lamellar
structure upon stretching parallel and perpendicular to the
oriented direction, respectively. Upon stretching parallel to
the oriented direction, the polymers became thinner, and the
amorphous layers then deformed further. A void was gen-
erated in the amorphous layers and subsequently grew lar-
ger. The difference between the crystal and amorphous parts
is related to the energy dissipation and heat via stretching.
In the lamellar model, heat-up in the amorphous region was
confirmed. This finding indicates that the crystalline layer is
solid against stretching. Upon stretching perpendicular to
the oriented direction, the polymers also became thinner,

Fig. 4 Snapshots of the lamellar structures consisting of a 4 × 104 and
b 1 × 106 monomers. c A typical polymer chain. Reproduced with
permission from Higuchi et al. [24], ©(2016) by the Information
Processing Society of Japan
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although voids were not generated and the amorphous and
crystalline layers were conserved. Figure 7a, b shows the
stress–strain curves and the changes in the crystallinity
during stretching. Upon stretching parallel to the oriented
direction, the stress increased for strains ranging from 0.0 to
0.6. The crystallinity also increased during stretching,
which indicates that the polymers crystallized upon
stretching. In contrast, upon stretching perpendicular to the
oriented direction, the stress increased more gradually. The
crystallinity also increased in this case; however, the
increase was smaller than that observed upon stretching
parallel to the oriented direction. These trends observed for
the stress–strain curves and the crystallinity changes are
consistent with previous experiments [31]. Therefore, the
lamellar structure and its fracture process obtained in our
studies were successfully validated.

Discussion

Based on the results described above, rigid polymer chains
can form crystal structures, but it is difficult to realize

lamellar structures. Orthogonal bending is required to con-
struct lamellar structures. However, the following two
conditions must be noted: (i) natural crystallization to
lamellar structures is impossible, and therefore, cyclic for-
ces are essential to enhancing crystallization; (ii) entangle-
ments prior to crystallization severely hinder the
construction of lamellar structures and thus must be
reduced. To increase the crystallinity, the average bond
length should be reduced, and the attractive interaction
should be increased. Furthermore, it is conceivable that a
cylindrical polymer chain also increases the crystallinity. In
contrast to those in a polymer chain with a cylindrical
shape, the spaces between adjacent monomers in the other
models allow for easy movement of the polymer chains and
lead to fluctuations in the crystal region. In the united atom
model, the polymer chain is shaped like a plate; therefore,
the orientation of the polymer chains increases due to the
suppressed movement. It is desirable to adopt a reasonable
model to limit computational costs. The reason is that long
simulation times are essential for elucidating the dynamics
of polymer chains, and atomic information is also crucial to
studying crystalline polymers. Therefore, our approach, in

Fig. 5 Fracture process of the lamellar structure upon stretching at (a) t= 0τ, (b) t = 150τ, (c) t = 225τ, (d) t= 300τ, (e) t = 375τ, (f) t= 450τ, and
(g) t = 675τ. The stretching speed was set to 0.06a/τ. Reproduced with permission from Higuchi et al. [24], © (2016) by the Information
Processing Society of Japan
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which a coarse-grained model is used initially and then
atomic information is gradually added, contributes to
understanding the conditions required to reproduce the
lamellar structure of crystalline polymers.

Several treatments can be applied to the axes perpendi-
cular to the stretching direction in stretching simulations: (i)
both axes are fixed, (ii) both axes are relaxed using the NPT
ensemble method, (iii) both axes are relaxed using a con-
stant strain rate, (iv) vacuum spaces are located in one
direction and the other axis is fixed, (v) vacuum spaces are
located in one direction and the other axis is relaxed using
the NPT ensemble method, and (vi) vacuum spaces are
located in both directions. These treatments influence the
mechanical properties. In case (i), the condition is very
severe because deformation perpendicular to the stretching
direction is not permitted, which leads to fracture of the
polymers. This model conceivably corresponds to the
enlargement of the small area around a crack in experi-
ments. Rottler et al. demonstrated the validity of a coarse-

grained molecular dynamics model by successfully esti-
mating the fracture energy of polymer glasses [8]. We also
modeled the fracture processes of semicrystalline polymers
[23]. The fragmentation of the lamellar structure to the
block structure was also observed [24], in agreement with
experimental observations made using electron microscopy
[30]. This method is useful for revealing the fracture pro-
cesses of polymers; however, the deformation process is
difficult to determine. Therefore, the stress–strain curve is
not consistent with that obtained experimentally. In case
(ii), polymers can deform naturally. However, both soft and
hard parts are forcibly compressed. This compression is not
a problem for elastic strain. After yielding, the polymers
partially deform, or voids are generated. The non-deformed
parts are also compressed. Therefore, the stress–strain curve
is not consistent with that obtained experimentally after
yielding. Makke et al. [34, 35] observed buckling of a
lamellar structure consisting of amorphous and glassy lay-
ers, which are soft and hard, respectively. This interesting

Fig. 6 Deformation and fracture processes of the lamellar structure upon stretching a parallel and b perpendicular to the oriented direction. The
stretching speed was set to 0.03a/τ. Reproduced with permission from Higuchi et al. [22], ©(2017) by the American Chemical Society
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behavior is a periodic phenomenon, and therefore, boundary
conditions are needed in the corresponding molecular
simulations. Rutledge et al. also used this method to
investigate the deformation and fracture processes of poly-
ethylene [15, 16]. The authors prepared many initial con-
ditions to determine the effects of molecular structures such
as tie chains and entanglements. Therefore, this method is
conceivably useful for elucidating deformation and fracture
processes with limited computational cost. Case (iii) is
similar to case (ii). The choice of the constant strain is
difficult. Neither the option of using a fixed volume nor that
of selecting the value using Poisson’s ratio leads to good
consistency with the experimental values. Discrepancies
exist between simulations and experiments in terms of size,
structure, etc. Yamamoto adopted this method to determine
void generation in the amorphous layer [17]. Compared
with the method used by Rutledge et al., [13–16] the pro-
cesses are similar. In case (iv), the polymers can deform
naturally in one direction but not in the other direction.

Therefore, the deformation and fracture processes are
unnatural. In case (v), the polymers can deform naturally.
However, the thickness in the direction with the vacuum
space should be sufficient. In Fig. 6, the vacuum space is set
in one direction. This treatment is considered suitable for
revealing mechanical properties, as long as the simulation
size is sufficiently large. Case (vi) is optimum if the simu-
lation size is sufficiently large, because the sample can
deform naturally throughout the entire process. However, it
is difficult to construct such a large model, owing to the
excessive computational cost.

Herein, void generation and rupture are discussed. As
shown in Fig. 6a, voids were generated and then grew in
the lamellar structure consisting of 3.0 × 106 monomers. In
contrast, void generation was not observed in a lamellar
structure consisting of 5.0 × 105 monomers. This dis-
crepancy was observed because the thickness was too
narrow in the latter case and there was not sufficient space
for void formation. Therefore, a large simulation size is
required to adopt case (v). After voids grow, rupture
should be observed. However, rupture is difficult to
observe in simulations due to the limited simulation size.
When one part of the polymer breaks, the polymers do not
rupture suddenly but rather break gradually. The broken
part is large compared with the total simulation size.
Therefore, the ruptures observed in molecular simulations
cannot be directly compared with those observed in
experiments.

Finally, this review discusses the main priorities con-
sidered when performing molecular simulations. Many
factors affect the mechanical properties of crystalline
polymers. In particular, the structure at the molecular level
is important. It has been suggested that crystalline layers are
connected through tie chains and entanglements in the
amorphous layers [3, 4, 6, 36]. Therefore, Humbert et al.
[37, 38] referred to these points of contact as stress trans-
mitters. To determine the influence of these factors on
mechanical properties, molecular simulations are useful.
Rutledge et al. used coarse-grained molecular dynamics
simulations to analyze molecular structures such as tie
chains and entanglements to determine their influence on
mechanical properties [13–16]. In addition, Monasse et al.
[20] used an all-atomic model and performed molecular
dynamics simulations, which indicated that stress increases
with an increasing number of tie chains. We have also
analyzed molecular structures and determined that the
movement of chain ends from amorphous layers to crystal
layers causes void generation [22]. This finding indicates
that the chain ends act as defects. Indeed, we have also
shown that amorphous layers with a high concentration of
chain ends fracture, whereas those with low concentrations
of chain ends do not. These findings are difficult to observe
experimentally.

Fig. 7 a Stress–strain curves for the lamellar structure upon stretching
parallel and perpendicular to the oriented direction, which are indi-
cated by z and x, respectively. b Crystallinity versus strain curves upon
stretching parallel and perpendicular to the oriented direction.
Reproduced with permission from Higuchi et al. [22], © (2017) by the
American Chemical Society
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Conclusion

This review has summarized our recent work [22–24]
concerning the deformation and fracture processes of crys-
talline polymers using coarse-grained molecular dynamics
simulations. First, we constructed a polycrystalline model
and revealed the long relaxation time of folded chains
against stretching. Then, to construct a lamellar structure,
we modified the model from circularly bending chains to
orthogonally bending chains and applied cyclic forces to
enhance crystallization. The constructed lamellar structure
fractured into block structures, as observed experimentally
using electron microscopy. Finally, we reduced the number
of entanglements and increased the attractive interaction
density between the polymer chains. These modifications
allowed for the construction of a lamellar structure with
high crystallinity. By using this model and locating vacuum
spaces perpendicular to the stretching direction, we were
able to obtain a stress–strain curve that agreed well with that
obtained experimentally.

The conditions required to reproduce the crystalline
structure and mechanical properties observed experimen-
tally have also been discussed, which are summarized as
follows. To achieve the crystallization of lamellar struc-
tures, (i) the gauche conformation should be included in
the model; (ii) the attractive interaction density should be
high, which means that the average bond length between
monomers should be low; (iii) cyclic force is required to
enhance crystallization and construct lamellar structures;
and (iv) entanglements should be reduced prior to crys-
tallization. To reproduce the stress–strain curves, (i) the
vacuum spaces should be located in one direction, and the
cell in the other direction should be relaxed using NPT
ensembles; and (ii) the simulation size should be suffi-
ciently large to at least allow for the observation of void
generation and growth.

It has also been revealed that voids are generated by the
movement of chain ends from amorphous to crystalline
layers, which is difficult to observe experimentally. Mole-
cular simulations are powerful tools for elucidating the
mechanisms involved in the deformation and fracture pro-
cesses of crystalline polymers at the molecular level. It is
hoped that our recent work and this review will contribute
to the development of this field of research.
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