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Non-aqueous reactive foamed polyurethanes are widely used in the non-excavation rehabilitation of in-
frastructures and fundamental engineering. However, the effect of a microscopic cell on the understanding of
micro-mechanical properties of a polyurethane is not clearly stated. In this work, a molecular model of a
polyurethane closed cell is established corresponding to the field emission scanning electron microscopy results.
Molecular dynamics simulations were subsequently employed to investigate the effect of a closed cell on the
micro-mechanical response of polyurethane during compression. Based on the layered non-affine displacement
and internal structure variables, we find that the existence of cells reduces changes in the polymer chain
structure, i.e., the bond stretching, bond angle bending, and dihedral angle rotation. This makes slippage of the
polymer chain more violent, and the farther away from the centre of the cell, the greater the level of the polymer
chain slippage. In other words, chain slippage plays a key role in reducing the mechanical properties of a
polymer. What’ s more, it is found that the number of hydrogen bonds in the cell is significantly less than that in
the elastomer, which also could reduce the mechanical properties of foamed polyurethane. This study provides
an efficient route for studying the micro-mechanical characterization of foamed polyurethane.

1. Introduction In recent years, there has been growing interest in the compressive

mechanical properties of PU grout materials. It has been reported that

Non-aqueous reactive foamed polyurethane (PU) grout materials are
extensively used in freeways [1], urban road [2], airport runways [3],
ground reinforcement [4], and anti-seepage in dams [5] because of their
advantages in short reaction time [6], high early strength [4], good
impermeability [7], and fast-setting [8]. No matter where PU grout
materials are used, they bear a compressive load and very often repeated
compressive loads. Therefore, compressive mechanical properties are a
dominant feature of PU grout materials in achieving a desirable grouting
effect.

the mechanical properties of PU grout materials are sensitive to tem-
perature [9-11], strain rate [12-16], density [12,13,17], and cell
growth direction [18,19]. This is affected by many factors, such as the
polymer matrix, cell structure, cell distribution, etc. Many experimental
results have shown that the foamed polymers will undergo four stages
(linear elasticity, yield, stress plateau, and densification) during
compression deformation [19]. At different deformation stages, the cell
wall will display elastic bending, elastic stretching, and plastic bending
successively [20,21]. It can be seen that the deformation of foamed
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polymers is more complex than that of polymer elastomers. To elaborate
on the intricate deformation mechanism of foamed polymers, numerous
finite element analyses of the representative volume elements (RVEs)
model was used to study the mechanical properties and deformation
characteristics of polymer foams, including PU foams [22-24]. The re-
sults of these models explained the influence of cell size distribution, cell
anisotropy, cell wall thickness and mass distribution between supports
on the mechanical properties of foamed polymers commendably. For
example, C. Barbier et al. [25] studied the influence of the relative
density and irregularity of Voronoi closed-cell structures on their elastic
characteristics and plastic characteristics. N.J.Mills et al. [22] found that
elastic buckling would occur before pore yielded. This accumulation of
elastic buckling is also the reason why the stress-strain curve before
yielding changed from linear to nonlinear. They also found that a plastic
hinge will form on the wall of the cells after the cells reach the yield
strain, and then the cell walls will rotate around the plastic hinge until
the cell walls contact each other. However, due to the limitation of
simulation size, finite element simulation cannot directly provide the
change process of polymer cells at the micro-scale. Therefore, it is
necessary to study the mechanical properties of foamed polymers at the
molecular scale.

Molecular dynamics (MD) simulations can obtain the trajectory and
velocity information of particles in the simulation system and explain
the mechanical response of materials from the atomic scale, which is a
powerful supplement to theory and experimental methods. In recent
years, MD simulations has been widely used in the study of polymers
[26,27], and it has been proven that it can explain the compression and
tensile mechanical properties of polymers well from the perspective of
the motion of atoms and molecular chains. D. Hossain et al. [28] carried
out a tensile simulation of polyethylene and found that with the increase
of strain, the proportion of trans dihedral angles increased under
different chain lengths and strain rates, which showed that the structure
of the polyethylene chain changed with the deformation of the system.
Rutledge et al. [29-35] published a series of papers dealing with MD
modelling of the yielding of polyethylene and PU. They found that the
stress-strain relationship and yield properties of these polymers also
have obvious strain rate sensitivity, which is consistent with the
experimental results. They found that the yield of polymers will be
accompanied by local cavitation, chain slip extraction, partial melting,
shear band formation, block slip, and other phenomena, which indicates
that when deformation occurs, the structure of the polymer chain and
the phase shift between polymer chains will occur simultaneously in the
polymers. However, unlike actual foamed PU, these models are dense
and have no internal cells. Also, it is still not known whether the motion
of a polymer chain in the cell wall is different from that of polymer
elastomers during compression deformation. Matthew D. Lane et al.
[36-38] constructed a cell and elastomer model of a
poly-4-methyl-1-pentene (PMP) material and studied the response of the
elastomer and PMP cell to a shock wave. They found that the response in
the cell was significantly different from that in the elastomer, which
indicates that the existence of cells has a great impact on the properties
of the polymers. Although they built a cell model, the model is con-
nected, and it is not applicable to PU grouting materials with a closed
cell structure. Therefore, it is necessary to build a molecular model of a
PU closed cell and compare the motion of the polymer chain in the cell
wall and polymer elastomers when the system is deformed.

Therefore, we prepared PU samples, investigated the microscopic
morphology of PU using a field emission scanning electron microscope
(FESEM), determined the distribution of cell diameters, and measured
cell wall thickness. Combined with the results of the FESEM, a micro-
scopic model of a PU closed cell with a density of 0.347 g/cm? and a PU
elastomer model were constructed. Then, we compared the stress,
layered non-affine displacement, hydrogen bonds, and internal structure
variables (bond length, bond angle, dihedral angle distribution, and
potential energy) between the PU closed cell and elastomer during
compression deformation and studied the effect of cell on the molecular
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deformation mechanism of PU during compression deformation.

2. Experimental and simulation method
2.1. Experimental method

Polyphenylmethane polyisocyanate (PAPI) and Sucrose polyether
polyol (SPEPO) [8,39] were used to make the PU in this study. These two
components can quickly react and expand to form foamed PU when
injected into a mould, without requiring water for the reaction. The
mixing ratio of PAPI and SPEPO was designed as 1:1 by weight, which
falls within the typical range used in actual grouting projects. The
density of the specimen is controlled by controlling the amount of PAPI
and SPEPO injected into the mould. Then the samples were left at room
temperature for 24 h before demoulding, as depicted in Fig. 1a. Subse-
quently, the specimen could be demoulded, resulting in a sample density
of 0.31 g/cm®, which has been used in many experiments to study the
mechanical properties of foamed PU [9,11,40].

To eliminate the influence of the external dense layer on the sample,
the central portion of the sample was extracted and used for FESEM
experimentation, as shown in Fig. 1b. Then, the samples were cut into
thin slices with a thickness of about 10 mm and a layer of gold that is 2
mm thick was coated on the surface of the slices to increase the con-
ductivity and improve the clarity and resolution of the image. The
accelerating voltage and amplification factors of FESEM were set to 15.0
kV and 200-200000, respectively. Subsequently, the micromorphology
of the sample was tested.

2.2. Simulation method

2.2.1. Model construction and simulation details

In this work, the long-chain PU model was constructed in Materials
Studio (MS) [41]. The size of the initial model of the long-chain PU was
5.06 x 5.06 x 5.06 nm?, including 9 PU chains with a total of 66,339
atoms. The MD simulations were carried out using the publicly package
of LAMMPS [42], where OVITO was used for visualisation [43].

The optimized potentials for liquid simulations of all atoms (OPL-
SAA) force field [44] was used to describe the interaction between
atoms. The standard Newton equations of motion were integrated in
time using the velocity verlet algorithm with a time step of 0.5 fs. The
Particle-Particle Particle-Mesh (PPPM) method [45] was used to solve
the long-range force with a real-space cut-off of 1.2 nm [29].

The simulations were performed as follows. First, the system was
thermalised to 600 K with the NVT (i.e., constant particle number N,
constant volume V, and constant temperature T) ensemble for 250 ps.
Second, the structure was relaxed to a constant temperature using the
NPT (i.e., constant particle number N, constant pressure P, and constant

(a) (b)

Fig. 1. Photograph of PU samples (a) with dense layer and (b) without
dense layer.



Y. Wu et al.

temperature T) ensemble for 250 ps. The Nose-Hoover thermostat [46,
47] was used to control the constant pressure and temperature. Third,
the next relaxation cooled the structure down to 300 K for 300 ps
(cooling rate of 1.0 K/ps), followed by further relaxation of 250 ps at
300 K. Fig. 2 presents a photograph of the PU elastomer.

After grouting, PU expands rapidly under the action of gas generated
by the reaction between the foaming agent and raw materials to form the
PU closed cells. In the process of expansion, the cell will also be con-
strained by the polymer matrix around the cell, and the resulting PU is
composed of closed cells. In order to build the molecular model of a PU
closed cells, we introduced two cells into the elastomer, which are
marked as inner cell and outer cell. The inner cell can reflect the
expansion process of PU, and the size of the inner cell gradually in-
creases from 0 with an expansion rate of 0.1 nm/ns. The outer cell can
reflect the restriction of the cell during expansion. Our construction
methods for the molecular model of PU closed cells have been previously
reported [39]. Fig. 3 is a cross-sectional view of the cell; its density is
0.347 g/cm®. The outer diameter and inner diameter of the cell is 7.5 nm
and 5.9 nm, respectively, and the thickness of the cell wall is 1.6 nm. In
Fig. 3, the colour gradient of the wall atoms represents the position
distribution of the atoms along the X direction.

2.2.2. Compression simulation

The PU elastomer and PU closed cell were then deformed under a
uniaxial compress strain applied at a constant strain rate of 1 x 101°s7!
with a zero-pressure condition for the two lateral simulation cell faces.
Computation costs have restricted the lower limit of feasible strain rates
in this study, owing to our use of an all-atom model. The ultra-low strain
rate employed in the experiment surpasses the limits of current
computational resources. Therefore, we referred to the strain rate of
polymer MD simulations in the literature [48]. During the simulation,
the ensemble is NPT, and the temperature was controlled to be 300 K.
Nine different initial configurations were selected for each model, and
the average stress calculated from the nine different configurations was
used as the stress value of the system under different conditions.

3. Results and discussion
3.1. Micromorphology

Fig. 4a shows the representative micromorphology of the PU with a
density of 0.31 g/cm®. In the FESEM image, the white areas represent
cell walls, while the grey or black parts indicate blank regions within the
cells. It can be seen that PU can be considered a kind of matrix made of
numerous hollow cells. To measure the cell size, the FESEM image was
depicted by Photoshop (PS), as shown in Fig. 4b. After that, the pixel
value of the cell can be obtained using the lasso tool in PS, and then the
cross-section area (S) of each cell can be converted based on the pixel

Fig. 2. Molecular model of PU elastomer.
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Fig. 3. The cross-sectional view of a PU closed cell.

value of the unit area [8,49]. According to the cross-section area of the
cell, the equivalent diameter (De) of the cells can be calculated using Eq.
(1), and then the distribution of De can be calculated as shown in Fig. 6a.
Meanwhile, Fig. 5 shows the FESEM image of the cell walls, magnified
by factors of 50,000 and 200,000, respectively. In PS, the cell wall
thickness is also expressed in pixels and then converted to the actual
length unit (pm) using the ruler’s tool. We measured the thickness of
several cell walls in the image and plotted the distribution of cell wall
thickness in Fig. 6b.

According to the distribution of cell diameter and cell wall thickness,
the average cell diameter is 136.41 pm. The average value of cell wall
thickness is 0.1891 pm. The ratio of the average diameter of the cells to
the average thickness of the cell walls is 721.35. It can be seen that the
cell diameter is far greater than the thickness of the cell wall, so it can be
known that the cell is a thin-walled hollow elastic structure, similar to
the thin-walled hollow elastic sphere mentioned in the literature [50,
51]. There are examples in the literature [51] of plate compression ex-
periments and simulations on thin-walled hollow elastic spheres, and
the method for calculating the reduced force is shown in Eq. (2). It is
known that the ratio of the cell diameter to the cell wall thickness will
affect the mechanical characteristics of a thin-walled hollow cell.
Because the cell diameter is much larger than the cell wall thickness, the
cell wall will have more complex deformation than the polymer elas-
tomer or the polymer matrix filled between the cells. This will lead to a
different motion of polymer chains in the cell wall from that of the
polymer elastomer or polymer matrix filled between cells during
compression deformation. This will be discussed in the following
sections.

De= \/E (€9)]
7

Co(v)e'? +3C (v)e
F= (2)

EW
Co(w)e'? + G, (v)

N W ool W

e=y @)

Where R is the cell radius; E is the elastic modulus; h is the cell wall
thickness; v is the Poisson’s ratio; Cy, C;, C» are dimensionless param-
eters; and ¢ is the dimensionless displacement. The calculation formula
of ¢ is shown in Eq. (3), where x is the displacement of the cell wall being
compressed.

3.2. Stress-strain behaviour

Fig. 7 shows the stress-strain relationship of a PU elastomer and a PU
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Fig. 5. FESEM images of the wall of PU samples with a magnification factor of (a) 50,000 and (b) 200,000.
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Fig. 6. Probability distribution of (a) the diameter and (b) the wall thickness of cells in PU.

closed cell, which is compared with the stress-strain results obtained
from experiments in the literature [9,55], where the density of foamed
PU in the literature [9] is 0.31 g/cm3. It can be seen that the stress-strain
curve obtained by our simulation is consistent with the experimental
results, whether it is the PU elastomer or PU closed cell. There are four
distinct regimes: linear elasticity, yield, softening, and hardening.
Similar behaviours were also reported in other MD compression simu-
lations [35]. According to the experimental results, shown in Fig. 7, the
stress of the polymers will increase significantly with an increase in
strain rate, and the strain rate simulated in this paper is 1 x 100 s71,
which is far greater than the strain rate of the experiment in the litera-
ture, so under the same strain, the stress obtained in this paper is greater
than the stress obtained in the experiment. With the use of suitable

extrapolation method, molecular simulation results can be extrapolated
to the strain rate of experiments [52]. This is not the focus of this paper
and the quantitative analysis of the microscopic mechanical properties
of foamed PU using this method will be conducted in the future.

3.3. Hydrogen bonds

As a physical crosslinking point, hydrogen bonds (H-bonds) can limit
the movement of polymer chains and further improve the mechanical
properties of polymers. In this paper, geometric criteria was used to
determine the formation of H-bonds, demonstrated in Fig. 8a. When the
distance (d) between the donor (D) and acceptor (A) is less than 3.5 A
and the angle (a) between D-H and D-A is less than 30°, H-bonds will be
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formed. In the PU, there are 9 kinds of H-bonds that can be formed, as

80
(a) . . shown in Fig. 8b. When the strain is 0, the number of different types of
- Slmul?tlon (1x10%s% H-bonds in the PU closed cell and PU elastomer is shown in Fig. 9a. It can
=¥ 60 —Exp eqment (29_?05-1) be seen that the H-bonds formed in the PU closed cell and PU elastomer
E _ExPegmem ((1)80; . are mainly the H-bonds formed with the participation of hydroxyl
& 40 xperiment (U.01s7) groups, accounting for 83.57% and 81.16% of the total H-bonds,
4 respectively. Fig. 9b shows the relationship between the number of H-
=) bonds and the strain. It can be seen that the number of H-bonds in the PU
2 20¢ // elastomer are significantly more than those in the PU closed cell.
= B Although the number of H-bonds in the elastomer decreases suddenly
0 I . . . . when the strain is greater than 35%, the number of H-bonds in the PU
0 10 20 30 4(? 50 60 70 closed cell is still less than that in the PU elastomer. With the increase of
Stram( /0) strain, the number of H-bonds in the cell increases slightly because the
cell wall at the edge of the cell contact with each other, which increases
600 ) 150 the possibility of H-bonds formation. The results of the experiment and
5001 —Simulation (1x10'%") 0 simulation show that the stress of the PU elastomer is significantly
— = greater than that of the PU closed cell, as shown in Fig. 7. In addition to
& A0y~ ) 190 & the influence of the thin-walled hollow structure on the mechanical
% 300 —Experiment (5x 10151) % properties of the cell, the reduction in the number of H-bonds is also one
7 — Hxpgnment (X105, 160 % of the reasons for the reduction of its mechanical properties.
O 200t ~ | &
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“ ool 130
Experiment (5x107%s™) 3.4. Layered non-affine displacement
00 10 20 30 40 50 60 © o . . )
Strain(%) The atomic displacement of a polymer during deformation consists of
two parts, one is due to the box deformation, and the other is due to the
Fig. 7. Stress-strain response of (a) the PU closed cell and (b) PU elastomer slippage of polymer chain. Non-affine displacement can be used to
deformed in uniaxial compression at strain rate of 10'® s and temperature of represent the level of the slippage of polymer chain. The method of
300 K. overall non-affine displacement (U) has been previously reported [39].

In Fig. 10, we report the variation of U with the axial strains. It can be
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Fig. 8. (a) Geometric criteria for H-bonds. D is the donor, and A is the acceptor, (b) Schematic diagram of several types of H-bonds in PU.
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Fig. 10. Non-affine displacement of the PU elastomer and PU closed cell.

seen that the value of U in the PU closed cell is significantly greater than
that in the PU elastomer, and the greater the strain, the more obvious the
phenomenon. This shows that the existence of cell makes the polymer
chain slips more violently.

In order to better explain the effect of the cell on PU, we divide the
PU closed cell and PU elastomer into the same number of layers, and
each layer contains the same number of atoms, as shown in Fig. 11. The
average non-affine displacements of atoms in each layer are shown in
Figs. 12 and 13. The results show that the average non-affine displace-
ment of the atoms in each layer of the PU closed cell is related to the
distance from the atom to the centre of the cell. The farther away from
the centre of the cell, the greater the average non-affine displacement of
the layer of atoms, and the greater the strain, the more obvious the
phenomenon. This is affected by the curvature of the cell wall. The
farther away from the centre of the cell, the greater the deformation of
the cell wall and the more obvious slippage of the polymer chain. With
the increase of strain, the inner cell walls will gradually contact and fuse,
so the greater the strain, the greater the difference between the average
non-affine displacement of the inner and outer atoms. However, the

r"'v'w fvrr:v-'v]

A

y"'—"' "'-7(3\‘7;‘7

— 1] 12 e 13 s 1 — 15 — 10

Fig. 11. Illustration of atomic layers with the thickness from the centre of

the model.
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Fig. 13. Layered non-affine of the PU closed cell.

o

average non-affine displacement of the atoms in each layer of PU elas-
tomer is almost the same, which indicates that the level of slippage of the
polymer chain in each layer of the PU elastomer is very close.

3.5. Evolution of internal structure variables

3.5.1. Bond length and bond angle evolution

The change of bond length and bond angle with strain can provide a
reference for understanding the deformation of polymer structure.
Figs. 14 and 15 show the change in average bond length and average
bond angle with strain in a PU closed cell and PU elastomer. It can be
seen that with the increase of the strain, the average bond length of the
PU elastomer gradually increases, and the average bond angle of the PU
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Fig. 14. Average bond length as a function of strain.
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Fig. 15. Average bond angle as a function of strain.

elastomer gradually decreases. However, the average bond length of the
PU closed cell does not change significantly with strain. Although the
average bond angle of the PU closed cell decreases gradually with the
increase of strain, the decrease rate of the average bond angle of the PU
closed cell is still significantly lower than that of the PU elastomer. This
shows that the polymer chain structure in the PU elastomer has a greater
change than that in the PU closed cell. However, the results of non-affine
displacement show that under the same conditions, the average non-
affine displacement of atoms in the PU closed cell is significantly
greater than that in the PU elastomer; that is, the atoms in the PU closed
cell are moving more violently. Therefore, we can know that the exis-
tence of the cell will reduce the level of structural change of the polymer
chain and cause more chain segment slippage.

3.5.2. Dihedral conformation evolution

The dihedral angle is usually used to characterise the conformation
of a polymer chain [53]. As shown in Fig. 16, when the turning angle
points outward, ¢ is positive. When the turning angle points inward, ¢ is
negative. The value range of ¢ is —180°-180°. When the angle, ¢ is —60°
< ¢ <60°, it is a trans dihedral angle (trans); when —180° < ¢ < - 60° or
60° < ¢ < 180°, it is a gauche dihedral angle (gauche). Generally, the
lowest energy point of the trans dihedral angle is about 0°, the lowest
energy point of a gauche dihedral angle is about —120° or 120°, and the
lowest energy of a trans dihedral angle is less than the gauche dihedral
angle, so the trans dihedral angle is more stable, and the conversion of
the gauche dihedral angle to a trans dihedral angle needs to overcome a
large energy barrier [54]. Fig. 17 shows the dihedral angle distribution
when the strain is 0. It can be seen that when the strain is 0%, the
dihedral angle distribution of the PU closed cell and the PU elastomer
are basically the same, which indicates that the existence of the cell will
not affect the initial configuration of the dihedral angle. Fig. 18 shows
how the percent of the trans conformations evolves as a function of
strain. It can be seen that the percentage of trans conformations in the
PU elastomer fluctuates more with the increase of strain, especially in
the range of 0%-20% strain. This shows that the conversion of the
dihedral angle in the PU elastomer between the trans conformations and
the gauche conformations is more frequent than that in the PU closed
cell. The existence of the cell can inhibit the rotation of the polymer
chain at the initial stage of deformation to a certain extent, which is

Fig. 16. The diagram of dihedral angle.
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Fig. 17. The dihedral angle distribution of the PU closed cell and PU elastomer
with a strain of 0%.
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Fig. 18. Chain dihedral angle evolution as a function of strain.

consistent with the previous results of the relationship between the bond
length and the bond angle with strain.

3.5.3. Internal energy evolution

Figs. 19 and 20 illustrate the potential energy change of the PU
closed cell and PU elastomer, respectively. In addition to the total en-
ergy, Eotal, the individual components of the energy are shown: the non-
bonded energy Epair, the bonding energy Epong, the bond angle energy
Eangle, and the dihedral angle energy Egihedral- In the PU elastomer, when
the strain is less than 25%, the non-bonded energy increases sharply
with an increase in strain from 0% to 25%. Unlike the non-bonded en-
ergy, the bond angle energy and dihedral angle energy increase slowly
with an increase in strain. We can know that the total energy sharply
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Fig. 19. Energy decomposition for the PU elastomer.
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Fig. 20. Energy decomposition for the PU closed cell.

increases in the PU elastomer due to non-bonded interactions when
strain is less than 25%. This indicates that the main changes in a polymer
chain in a PU elastomer at this stage are changes in polymer chain
structure, such as bond angle bending and dihedral angle rotation. When
the strain reaches about 25%, the rate of non-bonded interaction energy
increase begins to decrease, which can be associated with chain slippage
mechanisms. This indicates that the polymer chain obviously begins to
slip in the PU elastomer at this time. It is worth mentioning that
although the increasing rate of non-bonded interaction energy de-
creases, it is still significantly greater than the increasing rate of bond
angle energy and dihedral angle energy. This shows that the changes in
polymer chain structure are continuing while the polymer chain slip
occurs. In the PU closed cell, with the increase of strain, the non-bonded
interaction energy is less than the bond angle energy and dihedral angle
energy. Notably, when the strain reaches about 0.5, the non-bonded
interaction energy of the cell decreases suddenly, the bond angle en-
ergy and the dihedral angle energy continue to increase, and the bonded
energy remains almost unchanged. This indicates that the bond angle
energy and dihedral angle energy play a significant role in the change of
total energy of a PU closed cell, which indicates that the molecular chain
slippage of the PU closed cell is more obvious than that of the PU elas-
tomer. Combined with the results of bond length, bond angle, and
dihedral angle distribution, it can be concluded that when the strain is
small, the chain structure changes mainly in the PU elastomer, such as
chain expansion and dihedral angle rotation, and the chain slippage will
increase with the increase of strain. Compared with a PU elastomer, the
level of change in the polymer chain structure in a PU closed cell is
relatively low. Instead, the cell will have obvious intermolecular chain
slippage even if the strain is small, so the cell will yield and fail under a
smaller strain.

4. Conclusion

In this paper, the micromorphology of a foamed PU with a density of
0.31 g/cm® was observed, and the distribution of cell diameter and cell
wall thickness were determined. Based on the results of FESEM, the
molecular model of a PU closed cell with a density of 0.347 g/cm® was
constructed, and the effect of the cell on the molecular deformation
mechanism during compression deformation was studied systemati-
cally. The conclusions drawn are as follows:

(1) Afoamed PU is composed of closed cells packed together, with an
average cell diameter of 136.41 um. The average value of cell
wall thickness is 0.1891 pm. The ratio of the average cell diam-
eter to the average cell wall thickness is 721.35. It’s worth noting
that the cell diameter is significantly larger than the cell wall
thickness. The FESEM results show that the cells in a PU are thin-
walled hollow structures.
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(2) The average non-affine displacement of atoms in a PU closed cell
is significantly greater than that in a PU elastomer, indicating that
the movement of atoms in the cell is more intense. Furthermore,
there is a noticeable layering phenomenon observed in the
movement of atoms within the cell walls. The farther away from
the centre of the cell, the greater the non-affine displacement of
atoms, and the more intense the movement of atoms. However,
no such layering phenomenon was found in the PU elastomer.

(3) The present simulations clearly show that the level of bond
stretching, bond angle bending, and dihedral angle rotation of a
PU closed cell is significantly weaker than that of a PU elastomer.
Also, the energy evolution plots show that non-bonded in-
teractions played a significant role in the total potential energy of
the PU elastomer, while bond angle energy and dihedral angle
energy play a significant role in the total potential energy changes
of the PU closed cell. This indicates that the existence of cells
reduces the changes in polymer chain structure, resulting in more
inter-chain slippage motion of the polymer chain. Additionally,
the total number of H-bonds in the PU elastomer is significantly
greater than in the PU closed cell. Thus, the stress of a PU closed
cell is much lower than that of a PU elastomer.
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