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1. Introduction 

Polymer foam is a typical cellular structure mate-

rial with buffering and energy-absorbing ability, which is 

widely used in impact buffer packaging, protective struc-

ture, soft filling of sofa mattresses, transportation con-

struction and military application fields [1-4]. The me-

chanical properties of polymer foams are similar to cellular 

structural materials, and the stress-strain curve has a wide 

stress plateau, which can be expressed in three stages of the 

linear elastic response under small deformation, the plateau 

phase where a large amount of energy is absorbed, and the 

densification phase where the foam cells are compacted. 

Most polymer foam properties are sensitive to 

strain rate, density and temperature, which are one of the 

most critical parameters affecting the mechanical properties 

and cushioning energy absorption properties of polymer 

foams [5-8]. Therefore, much investigation focuses on the 

mechanical properties of polymer foam materials under dif-

ferent loading conditions. Song [9] investigated the quasi-

static and dynamic properties of polystyrene foam using a 

hydraulic testing machine and SHPB device and analyzed 

the trends of elastic modulus and yield stress as a function 

of strain rate. Based on the compression test of polyethylene 

foam at different loading rates, Tateyama [10] revealed that 

polyethylene foam has strain rate sensitivity, and the 

strength strain rate sensitivity is affected by the flow of gas 

in the foam. Ouellet [11] studied the influence of sample 

size on the mechanical properties of two polymer foams in 

high strain rate tests using Hopkinson bar and found that the 

sample size effect of polystyrene foam is distinct, and the 

strain rate effect can even be ignored. Karagiozova [12] 

studied the energy absorption capacity of reinforced foams 

with different densities and strengths under quasi-static and 

dynamic conditions. It was found that the strength has a 

greater effect on material properties during quasi-static 

compression, whereas density has a greater effect on mate-

rial properties at high strain rates. Triantafillou [13] investi-

gated the mechanical properties of polyurethane foam 

(PUF) materials and found that the effect of density under 

compressive loading condition is greater than that of tensile 

loading. Linul [14, 15] studied the quasi-static and dynamic 

fracture behavior of polyurethane foams with different den-

sities at room temperature and low temperature, and ana-

lyzed the effects of parameters such as density, loading 

speed, material orientation and temperature on the dynamic 

compression behavior of rigid polyurethane foams. It was 

found that density and temperature were the main parame-

ters affecting fracture toughness. Density, loading speed, 

material orientation and temperature are all key parameters 

affecting the compressive properties of polyurethane foams. 

In general, the elastic modulus and plateau stress of polymer 

foams increase with density, while the densification strain 

decreases with density. The strain rate sensitivity of polymer 

foams is manifested as an increase in plateau stress level and 

a decrease in densification strain with strain rate increasing. 

The strain rate sensitivity of polymer foams is mainly at-

tributed to the viscoelastic properties of the matrix material, 

the extrusion mechanism between adjacent deformed cells, 

the movement and friction of air within the cells. That is the 

sensitivity of polymer foams to strain rate is macroscopi-

cally affected by material density and temperature [16]. 

Due to different manufacturing methods and ma-

trix materials, polymer foam materials exhibit two forms of 

open cells and closed cells in macrostructure and have com-

pletely different mechanical properties. Expanded polysty-

rene foam (EPS) is a typical closed cell material and has the 

characteristics of light weight, good thermal insulation, 

strong rigidity, irreversible compression, and recyclability. 

It is widely used in impact buffer packaging, protective hel-

mets, and traffic construction field. Flexible polyurethane 

(FPUF) foam is a typical open-cell structural material with 

the characteristics of compression rebound, low density, 

good elastic recovery, sound absorption, ventilation, and 

heat preservation. It is mainly used as furniture pads, seat 

pads and soft cushioning material. FPUF is often used as 

impact buffering, shockproof packaging, filtering, sound in-

sulation, and thermal insulation material in industry and 

civil engineering fields. As typical polymeric foam materi-

als, the mechanical properties of EPS and FPUF foams have 

been extensively studied in recent years. For mechanical 

properties of EPS, Di Landro [17] found the EPS density is 

a key parameter to increase the energy absorption capacity. 

Chakravarty [18] believed that the change in the properties 

of foamed plastics at high strain rates was due to the change 

in the compressive properties of the gas. Vejelis [19] inves-

tigated the EPS sample thickness effect on the shear strength 

and shear elastic modulus. Avalle [20] pointed out that EPS 



446 

can dissipate kinetic energy and reduce force transmission 

under impact conditions. For mechanical properties of 

FPUF, Yang [21] studied the mechanical properties of pol-

yurethane foams by macroscopic experimental tests. 

Scarfato [3] studied the structure and mechanical properties 

of mattresses filled with flexible polyurethane foam. Piotr 

Rojek [22] studied the effect of biopolyols on the mechani-

cal properties, resilience, apparent density, and cellular 

structure of synthetic foams. Markus [23] provided a 

method to control the shrinkage properties of closed-cell 

foams by the degree and duration of overpressure applied 

during foam synthesis. 

In summary, as typical polymer foam materials, 

EPS and FPUF are widely used in the field of buffer protec-

tion. In order to study the mechanical properties and energy 

absorption properties of EPS and FPUF foams under exter-

nal load loading, the uniaxial large deformation compres-

sion experiments were carried out for the two polymer 

foams at strain rates ranging from 1 s-1 to 100 s-1 and at low 

and room temperature. The effects of strain rate and temper-

ature on the mechanical properties and energy absorption 

properties of EPS and FPUF were comprehensively studied. 

Due to the complexity of the microstructure of foam mate-

rials, there is still a lack of accurate constitutive relation 

models under various mechanical conditions. Therefore, ac-

cording to the experimental results, combined with the 

Sheerwood-frost constitutive model theory [24], the rela-

tionship of the variables such as stress, strain, strain rate, and 

temperature is established. 

2. Experiments methods 

Expanded polystyrene foam has high energy ab-

sorption efficiency and is widely used as energy absorption 

or energy management material, but the non-recoverable 

characteristics after compression deformation limit the ap-

plications in many fields. The mechanical properties of 

Flexible polyurethane foam are different from that of EPS. 

Its energy absorption efficiency is low, but it has good elas-

ticity, especially after multiple loadings, it can still maintain 

good recovery, and has good dimensional stability after 

small permanent deformation. The EPS and FPUF foam 

samples used for the uniaxial compression large defor-

mation experiment are 50 mm × 50 mm × 50 mm cubes. The 

density of EPS sample is 44 kg/m3, and the density of FPUF 

sample is 78 kg/m3. Samples of the two materials after com-

pression tests are shown in Fig. 1.  

The experiments were carried out at two tempera-

tures of room temperature (20°C) and low temperature 

 

a 

 

b 

Fig. 1 Test samples of EPS (a) and FPUF (b) 

(-2°C), and at three different loading rates (0.05 m/s, 0.5 m/s 

and 5 m/s). Six loading conditions are taken into account 

and the deformation is to 80% for the compression tests. The 

characteristic parameters and experimental testing condi-

tions of each sample are shown in Table 1. 

Table 1 

Materials and test matrix 

Material 
Density, 

kg/m3 

Loading speed, 

m/s 

Experimental temperature, 

℃ 

EPS1 43.5 0.05 20 

EPS2 43.5 0.5 20 

EPS3 43.5 5 20 

EPS4 43.5 0.05 -20 

EPS5 43.5 0.5 -20 

EPS6 43.5 5 -20 

FPUF1 77.8 0.05 20 

FPUF2 77.8 0.5 20 

FPUF3 77.8 5 20 

FPUF4 77.8 0.05 -20 

FPUF5 43.5 0.5 -20 

3. Experimental results 

The compressive stress-strain curves of EPS at dif-

ferent loading conditions are shown in Fig. 2, a. It behaves 

the three-stage characteristics of typical closed-cell foam. 

The linear elastic stage exists in a small strain range, the 

stress-strain in the small strain range is close to a straight 

line, and the slope can be regarded as the elastic modulus of 

EPS. When the strain increases to a certain value, the curve 

enters the plastic yield plateau stage. In the plateau stage, 

the stress is almost constant with the increase of strain, 

which indicates that the EPS material can absorb much com-

pression energy while maintaining a low stress level during 

the compression process. Hardening occurs during the den-

sification stage when the EPS material stress increases 

sharply with increasing strain. It is disadvantageous for im-

pact protection. Comparing with the EPS material, the three 

stages of the stress-strain curve of the FPUF material shown 

in Fig. 2, b. are not obvious, the trend of the linear elastic 

stage and the plateau stage are small, and the elastic modu-

lus and the plateau stress are much smaller than those of 

EPS, which also shows that the performance of FPUF cush-

ioning energy absorption is far less than that of EPS, which 

is why FPUF is rarely used in the field of impact protection. 

Sheerwood [31] established a comprehensive con-

stitutive relation framework for foamed plastics by experi-

mental investigation on the compressive mechanical prop-

erties of polyurethane foams, combining strain rate, density, 

and ambient temperature. In this framework, temperature, 

density, and strain rate are taken as independent influencing 

terms to the stress-strain relationship, and the equation: 

 

( ) ( ) ( ) ( ) ,  ,s H T G M f    =  (1) 

 

where: f(ε) epresents the functional curve of the stress-strain 

relationship, ( ), ,M    G(ρ), H(T) represent the strain 

rate, density, and temperature influence terms respectively. 

In order to compare the mechanical properties and energy-

absorbing properties of EPS and FPUF at different temper-

ature and strain rate conditions, the effect of density on the 

mechanical properties of EPS is not discussed and the G(ρ) 

term is set to 1. 
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Fig. 2 Stress- strain curve of EPS (a) and FPUF (b) 

 

According to the Sheerwood-frost model, the 

shape function can reflect the trend of the stress-strain curve 

of the material. The polynomial function is selected as the 

shape function of the uniaxial compressive stress-strain 

curve of the foam material. The accuracy of the shape func-

tion increases with the value of n. Take 7 for n in combina-

tion with the experimental data, and the specific function 

form is shown as: 

1

( ) .
n

i

i
i

f A B 
=

= +  (2) 

Taking the stress-strain data at room temperature 

of 20°C and the loading rate of 0.05 m/s as the reference 

value, combined with the experimental data, take n as 7 for 

shape function fitting. The shape function is fitted by the 

least squares method, the fitting result is shown in Fig. 3, 

and the relevant parameter values are shown in Table 2 and 

Table 3. 
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Fig. 3 EPS (a) and FPUF (b) shape function fitting curve 
 

Table 2 

EPS material property parameters 

Parameter A1 A2 A3 A4 A5 A6 A7 B 

Value 9.3794 -84.116 391.12 -1015.4 1496.1 -1171.5 381.39 -0.062 

Table 3 

FPUF material property parameters 

Parameter A1 A2 A3 A4 A5 A6 A7 B 

Value 0.9254 -13.967 98.507 -354.21 674.44 -647.42 247.35 -0.0062 

4. The effect of strain rate on the mechanical properties  

According to the EPS and FPUF stress-strain 

curves shown in Fig. 2, It indicates the mechanical proper-

ties of two materials have strong strain rate sensitivity. 

When the room temperature is constant, the mechanical 

properties parameters (such as the elastic modulus, yield 

stress, plateau stress) of EPS and FPUF increase with strain 

rate increasing. While the densification strain and yield 

strain decrease with strain rate increasing, and the mechan-

ical properties of the two materials show a strain rate 

strengthening effect. 

Important properties of foam materials include 

high specific energy absorption and transmit stress, and the 
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absorbing energy per unit volume of the foam material dur-

ing compressive loading is approximately below the stress-

strain curve [25]. The compression energy absorption per-

formance of foam can be expressed by the strain energy W

absorbed per unit volume during the deformation process. 

0
,

m
W d


 =   (3) 

where: σ represents the flow stress, which is a function of 

the strain ε and W is equivalent to the area under the com-

pression curve when the strain is εm. Therefore, the shape 

and position of the compression curve can reflect the level 

of energy absorption of foam material. 

Miltz [26] proposed to use the energy absorption 

efficiency E (Efficiency) and the ideal energy absorption ef-

ficiency I (Ideality) to evaluate the energy absorption char-

acteristics of foam materials. 

0 ,

m

m

d
E


 


=


 (4) 

 

0 ,

m

m m

d
I


 

 
=


 (5) 

 

where: εm and σm are the arbitrary strain and its correspond-

ing stress respectively. This formula expresses that the en-

ergy absorption efficiency E is the ratio of the energy ab-

sorbed by the foam to the corresponding stress, and the ideal 

energy absorption efficiency I is the ratio of the energy ab-

sorbed by the foam to the corresponding stress and strain. 

Efficiency  can often be used to determine the optimal en- 

ergy-absorbing working state of a foam material for a given 

working condition. Ideality is often used to evaluate the en-

ergy absorption of different foam materials. 

Based on the formulas (3) - (5) and the stress-strain 

curves of EPS and FPUF, the strain energy absorption and 

energy absorption efficiency and ideal energy absorption ef-

ficiency curves of EPS and FPUF under various working 

conditions are shown in Figs. 4 and 5. It means the foam 

absorbs very little energy in the linear elastic stage and as-

sumes most of the energy absorption in the plateau stage. As 

FPUF is with low plateau stress, the strain energy absorbs 

far less energy than EPS. 

The energy absorption efficiency and ideal energy 

absorption efficiency of FPUF materials and EPS materials 

are basically not affected by strain rate changes in Figs. 4 

and 5. The EPS strain is around 0.33 to achieve the maxi-

mum ideal energy absorption efficiency of 0.82 and main-

tains it around 0.62 to achieve the maximum energy absorp-

tion efficiency of 0.45. FPUF reaches the maximum ideal 

energy absorption efficiency of 0.78 when the strain is 

around 0.28 and reaches the maximum energy absorption 

efficiency of 0.31 when it remains at around 0.51. It also 

shows that the buffer energy absorption performance of 

FPUF is far inferior to EPS materials. According to the en-

ergy absorption efficiency and ideal energy absorption effi-

ciency in the strain range of the two materials, the obtained 

strain energy absorption of EPS changed from 0.10-

0.24 MJ/m3 to 0.24-0.34 MJ/m3, and FPUF changed from 

4.67 -12.20 MJ/m3 to 8.90-22.77 MJ/m3. It indicates that 

EPS and FPUF have higher energy absorption capacity at 

high strain rate, but the strain rate does not affect the optimal 

energy absorption state of the material itself.

Table 4 

Mechanical property parameters 

Materials Parameters 1 s-1 10 s-1 100 s-1 

EPS 

Yield stress, MPa 0.304 0.319 0.434 

Yield strain 0.058 0.048 0.037 

Plateau stress, MPa 0.041 0.462 0.577 

Compact strain 0.489 0.476 0.452 

FPUF 

Yield stress, MPa 0.016 0.022 0.031 

Yield strain 0.051 0.057 0.034 

Plateau stress, MPa 0.026 0.039 0.051 

Compact strain 0.464 0.440 0.395 

 

a 

 

b 

Fig. 4 EPS energy effectiveness curve at 20℃: strain en-

ergy-strain curve (a); efficiency-strain curve (b); ide-

ality-strain curve (c) 
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c 

Fig. 4 Continuation 

 

Based on the theory of the sheerwood-frost consti-

tutive model, the parameters of the strain rate term 

( ),M    were fitted. To quantify the effect of strain rate 

on the mechanical properties of the foam, the stress-strain 

data at 1/s is taken as the reference curve. Take the stress 

ratios of 10/s and 100/s to 1/s at room temperature, the stress 

ratios of 10/s and 100/s to 1/s at low temperature as the or-

dinate and take the strain as the abscissa. The effect of strain 

rate on stress ratio curve of EPS and FPUF is shown in Fig. 

6. Ignoring the linear elastic stage, the stress ratio curve is 

roughly a linear function when the strain is between 0.05 

and 0.6 in Fig. 6a. It means that the effect of strain rate on 

the mechanical properties of EPS increases linearly with 

strain increase in the plateau stage. Therefore, the influence 

term of the strain rate in the EPS constitutive model is: 

 

( ) ( ) ( )1 2 3 4
0 0

,  .EM a ln a a ln a
 

 
 

 
= + + +
  

  

 

According to the fitting curve, the parameter val-

ues are as: a1 = – 0.0061, a2 = 0.203, a3 = 0.107, a4 = 0.804.  

The effect of strain rate on the mechanical proper-

ties of FPUF is shown in Fig. 6, b. It indicates that strain rate 

effect increases with the strain, reaches a peak at the strain 

0.2 and then decreases with the strain increasing. 

 

 

a 

 

b 

 

c 

Fig. 5 FPUF energy absorption curve at 20℃: strain energy-

strain curve (a); efficiency-strain curve (b); ideality-

strain curve (c) 

 
Therefore, the strain rate effect term of FPUF is 

taken as a power function: 

 

( ) ( ) ( )0.5

1 2
0 0

,  FM lnb b ln
 

  
 

= + .  

 

Finally, according to the fitting curve, the parame-

ters are obtained as b1 = 0.2073, b2 = 1.250. 
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Fig. 6 Effect of strain rate on stress ratio curve of EPS (a) 

and FPUF(b) 
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Fig. 6 Continuation 

5. The effect of low temperature on the mechanical prop-

erties 

As shown in the stress-strain curve of EPS in 

Fig. 7. The elastic modulus and plateau stress of EPS mate-

rial in low temperature environment are significantly 

stronger than those in room temperature environment. The 

elastic modulus of EPS material increases with temperature 

decreasing. However, the effect of low temperature on the 

mechanical properties of EPS materials (including parame-

ters such as elastic modulus, yield stress, plateau stress, den-

sification strain, etc.) decreases significantly with the strain 
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Fig. 7 EPS and FPUF elastic modulus (a) and strain plat-

form stress contrast (b) 

rate increasing. when the strain rate reaches 100/s, the yield 

stress and plateau stress at room temperature are basically 

the same as those at low temperature. It can be concluded 

that the effect of low temperature on the mechanical prop-

erties of EPS at high strain rate is negligible compared to the 

effect of strain rate. Although high strain rate and low tem-

perature can enhance the mechanical properties of FPUF, 

unlike EPS, the effect of low temperature on the mechanical 

properties of FPUF does not weaken with the strain rate in-

creasing. The cause may be that air in the cells of the open-

cell structural foam is more severely affected by tempera-

ture. The energy absorption performance of EPS and FPUF 

foam plastics at low temperature is significantly enhanced 

compared with that at room temperature, and the low tem-

perature strengthening effect has a greater influence on 

FPUF. 

The energy absorption capacity of EPS material in-

creases from 236.3 kJ/m3 to 281.7 kJ/m3 at 1/s strain rate in 

Fig. 8, and the energy absorption capacity of FPUF material 

increases from 14.8 kJ/m3 to 37.6 kJ/m3 at 1/s strain rate in 

Fig. 9. The Magnitude of low temperature effects on the en-

ergy absorption of EPS and FPUF is about 19.2% and 154%. 

Based on the energy absorption efficiency and ideal energy 

absorption efficiency curves of EPS and FPUF, it means low 

temperature does not affect the optimal energy absorption 

level of EPS and FPUF. 

 

 

a 

 

b 

Fig. 8 EPS energy effectiveness curve at 1/s and 100/s: 

strain energy-strain curve (a); efficiency-strain curve 

(b); ideality-strain curve(c) 
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c 

Fig. 8 Continuation 

 

Based on the effect of temperature on the mechan-

ical properties of EPS and FPUF, combined with the theory 

of the sheerwood-frost constitutive model, the temperature 

term ( ),H T  parameters were fitted. The ratio of the stress 

of 1/s, 10/s, and 100/s to 1/s at low temperature and the 

stress ratio of the same strain rate at room temperature are 

taken as the ordinate, and the strain is plotted as the abscissa 

in Fig. 10.  
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c 

Fig. 9 FPUF energy effectiveness curve at 1/s and 100/s: 

strain energy-strain curve (a); efficiency-strain curve 

(b); ideality-strain curve (c) 

 

The stress versus strain curve at low temperature 

and room temperature is roughly parallel to the strain axis. 

It means that the effect of temperature on the mechanical 

properties of EPS does not change with strain in the plateau 

stage. the effect of EPS temperature is expressed HE(ε, 

T)=cΔt, and the parameter value c = 0.028 is obtained ac-

cording to the fitting curve.  

It can be seen from Fig. 10, b. The effect of strain 

rate on the mechanical properties of FPUF increases firstly 

with the strain, reaches a peak after reaching a certain strain, 

and then decreases with the strain increasing. The tempera- 
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Fig. 10 Effect of temperature on stress ratio curve of EPS 

(a) and FPUF(b) 
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ture effect term of FPUF can be set as the quadratic function 

HF(ε,T) = d1Δtε2+ d2Δtε + d3Δt. According to the fitting 

curve, d1 = – 0.136, d2 = 0.107, d3 = 0.046. 

6. Validation of the constitutive model 

The verification of the constitutive model is shown 

in Fig. 11. The fitting results are in good agreement with the 

experimental data, which indicates that the obtained consti-

tutive model has good reliability. 
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Fig. 11 EPS (a) and FPUF (b) comparison of fitting data and 

test results at 10/s and at -20℃ 

7. Conclusion 

1. Temperature and strain rate have a great influ-

ence on the mechanical properties and energy absorption 

properties of EPS and FPUF materials, and the optimal en-

ergy absorption state of EPS and FPUF will not be affected 

by strain rate and temperature. The mechanical parameters 

and energy absorption of EPS and FPUF are significantly 

enhanced at low temperature and high strain rate. When 

faced with high strain rate and low temperature conditions 

at the same time, the mechanical properties of FPUF will be 

enhanced more significantly. However, under the high strain 

rate of EPS, the low temperature will no longer have a sig-

nificant impact on its mechanical properties. 

2. Based on the experimental results of uniaxial 

compression and large deformation of EPS and FPUF, this 

paper combines the framework of the sheerwood-frost con-

stitutive model to comprehensively analyze the effects of 

strain rate and temperature on the mechanical properties of 

EPS and FPUF. Establish material parameters between 

stress, strain, strain rate, and temperature. It can provide a 

reference for research and analysis in the field of EPS and 

FPUF impact protection. 
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Z. Zhang, W. Zhong, J. Chen, J. Luo, J. Li, X. Huang 

INFLUENCE OF STRAIN RATE AND TEMPERATURE 

ON COMPRESSIVE PROPERTIES AND ENERGY AB-

SORPTION EFFICIENCY OF EXPANDED POLYSTY-

RENE AND FLEXIBLE POLYURETHANE FOAM 

S u m m a r y 

In this work, large deformation compressive exper-

iments of expanded polystyrene foam (EPS) and flexible 

polyurethane foam (FPUF) at low temperature (-20°C) and 

room temperature (20°C) with strain rates ranging from 1 s-

1 to 100 s-1 were performed using high speed material test 

machine. According to the experimental results, both EPS 

materials and FPUF materials show the stress features of the 

wide platform, and the mechanical properties and the cush-

ioning energy performance of EPS are far better than the 

FPUF. The testing results indicate the yield strength, plateau 

stress and energy absorption efficiency of EPS and FPUF 

increase with strain rate, and the properties at low tempera-

ture are higher slightly than that of room temperature. How-

ever, the efficiency of the two-material buffer absorption is 

only related to the material itself. The strain rate and exter-

nal temperature do not affect the best energy absorption ef-

ficiency of the material. Finally, on the basis of the experi-

mental results, combine the Sheerwood-Frost model frame-

work, establish the relationship between EPS materials and 

FPUF materials stress and strain, strain rate, temperature 

and other variables. This can provide accurate material at-

tributes for simulation analysis. 

 

Keywords: expanded polystyrene foam, flexible polyure-

thane foam, energy absorption, strain rate, low temperature. 
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