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A B S T R A C T

This study comprehensively examines the influence of density on the energy absorption capacity and the time- 
dependent behavior of polyurethane microcellular elastomers (PUMEs) under compression. On the one hand, to 
evaluate the energy absorption capacity, stress-strain curves, which can be modelled as a bilinear elastic 
behavior, are obtained for three different densities at two different loading rates. The data show that higher- 
density PUMEs exhibit greater stiffness, which is also dependent on the loading rate. Additionally, the lowest 
density material demonstrates the highest energy absorption efficiency at lower peak stresses and increasing the 
loading rate reduces efficiency across all tested densities. On the other hand, the time dependent properties are 
characterized through the relaxation modulus of each of the densities. To obtain it, creep experimental data is 
gathered and converted to relaxation through the convolution relationship between these two properties by 
means of Maxwell and Kelvin generalized models. The results indicate increased stiffness and longer relaxation 
times for higher-density PUMEs, suggesting slower responses and lower deformations under the same load. In 
conclusion, the increased stiffness and reduced creep compliance make higher-density PUMEs suitable for high 
load-bearing applications, while lower-density PUMEs are better suited for high energy absorption at lower 
stresses.

1. Introduction

Elastomeric foams are widely used in several fields due to their 
excellent energy absorption, flexibility and thermal insulation proper
ties. These foams can dissipate impact energy through their cellular 
structure, which bends, twists, and buckles under stress, providing 
effective protection in automotive crash pads, helmets, and other safety 
equipment. For instance, in the automotive industry, elastomeric foams 
are used as viscoelastic supports for engine compartment insulation, car 
battery insulation, and soundproofing. They are also utilized in aero
space for impact mitigation and energy absorption in various compo
nents, enhancing safety and durability. In every mentioned application, 
the material works under compression.

Elastomeric foams are widely used in several fields due to their 
excellent energy absorption, flexibility, and thermal insulation proper
ties [1]. Flexible polymers, in general, exhibit notable energy dissipation 
capabilities due to their intrinsic viscoelastic behavior, which allows 
them to absorb and dissipate mechanical energy through molecular 
chain interactions [2,3]. Polyurethane elastomers, in particular, excel in 

energy dissipation as their long molecular chains can stretch, slide, and 
reconfigure under stress, dissipating energy as heat through internal 
friction and molecular rearrangements [4]. By introducing a micro
cellular structure into polyurethane elastomers, additional energy 
dissipation mechanisms are enabled. These structures dissipate impact 
energy through the bending, twisting, and buckling of their cellular 
frameworks under stress, as seen in applications such as automotive 
crash pads, helmets, and other safety equipment [5]. For instance, in the 
automotive industry, elastomeric foams are used as viscoelastic supports 
for engine compartment insulation, car battery insulation, and sound
proofing. They are also utilized in aerospace for impact mitigation and 
energy absorption in various components, enhancing safety and dura
bility [6]. In all of these applications, the material primarily functions 
under compressive loading.

Multiple factors can affect the performance of these materials. 
External conditions, such as the applied preload [7] or the strain rate 
[8–10] must be taken into account, and usually depend on the appli
cation. Regarding the strain-rate dependence, it is a known property of 
viscoelastic materials and multiple studies have been performed to 
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capture this behavior. In Ref. [11], Ali & Fan show the effect of the strain 
rate in the capabilities of a polyurethane elastomer to absorb and 
dissipate energy, while Cheng et al. [4] proposes a macro-mechanical 
model to address this effects in the same material.

In addition, the internal properties of the polyurethane elastomers, 
such as the microstructure [12–14] and density are known to influence 
the energy absorption and time-dependent properties of microcellular 
and nanocellular materials [15]. Regarding the effect of density, in 
Ref. [8], Zhao et al. study its effect on the energy absorption capabilities 
of an elastomeric foam. Moreover, Iqbal et al. [16] and Bhagavathula 
et al. [9] studied the effect of density on the compressive quasi-static 
response and time-dependent response of polyurethane foams respec
tively. In addition to density and microstructure, the incorporation of 
filler particles into elastomeric materials has also been studied as a 
method to modify their mechanical properties. For instance, hard par
ticles can enhance stiffness and strength of elastomeric materials [17,
18].

Depending on the intended application of these materials, certain 
characteristics are more preferable than others. For example, in sports 
gears the material undergoes multiple low-velocity impacts during 
relatively short durations, however, shipping and packaging industry 
focus their needs in single impact scenarios. In contrast, for medical 
applications the material needs to absorb the maximum amount of en
ergy at the minimum possible stress peak, sustaining a considerable load 
for long-time periods [19]. Therefore, for the selection of the optimum 
material internal properties (microstructure or density) both the energy 
absorption and the time-dependent properties need to be characterized.

On the one hand, to characterize the energy absorption behavior of 

an elastomeric foam at a given peak stress (or strain), the stress-strain 
curve can be analyzed [20,21]. In Fig. 1, a typical stress-strain curve 
for an elastomeric foam is shown. In this curve, three different regions 
can be differentiated depending on the governing mechanism of defor
mation. The region I is governed by the elastic bending of the cell walls 
resulting in a quasi-linear regime, being the slope in this region the 
elastic modulus of the material. The region II, known as plateau region, 
is associated with the beginning of the collapse of the cells. In elasto
meric foams, this collapse happens by elastic buckling and is, ideally, 
reversible [21]. This region can also be modelled as a linear behavior, 
defined by the slope of the tangent curve [20]. When the cells have fully 
collapsed and opposing cell walls contact, the region III, called densifi
cation, begins. The densification region is characterized by a rapid in
crease in stress since further compressing the material implies 
compressing the solid itself.

On the other hand, to evaluate the time-dependent behavior of the 
polyurethane elastomers, the relaxation and creep properties of visco
elastic materials can be modelled using rheological models [22]. Spe
cifically, in practical engineering applications such as the finite element 
modelling, to analyze the behavior of mechanical parts made of visco
elastic materials the relaxation modulus is the property from which the 
stiffness matrices are built [23]. However, measuring the creep 
compliance experimentally is a more straightforward procedure, given 
the usual working procedure of the experimental equipment is to exert a 
force and measure the displacement. Therefore, it is very important to 
work with models that allow the interconversion between creep and 
relaxation effectively.

Everything considered, the main objective of this article is to study 
the influence of the density in the energy absorption and time-dependent 
behavior in a polyurethane microcellular elastomeric (PUME) foam. 
These two properties have been studied on their own, both are impor
tant for material selection and this article aims to fill that gap studying 
both. To characterize the energy absorption, the stress-strain curves of 
the materials are obtained through a quasistatic and a dynamic force 
ramp. The time-dependent properties are obtained through creep ex
periments with eight different stresses. Finally, taking advantage of the 
convolution relationship between creep compliance and relaxation 
modulus, the latter is obtained through the generalized Maxwell model.

The article is organized into several sections following the intro
duction. First, the analytical methods to analyze the stress-strain curve 
are described, along with the modelling approach of the time-dependent 
data. Then, the materials used, the experimental setup, and the pro
cedures for conducting stress-strain and creep experiments on PUME 
samples of different densities. Next, the experimental results are pre
sented and analyzed. The following section details the modelling of the 
creep data and its interconversion to relaxation modulus. Finally, the 

Fig. 1. Typical stress-strain curve of an elastomeric foam.

Fig. 2. Detail of the transitions of an elastomeric foam over the stress-strain curve ( − ): (a) plateau onset draft: stress derivative ( − − ) and the tangent curves of the 
elastic and plateau regions (⋅⋅⋅) and (b) densification onset draft: the energy absorption efficiency of the material ( − ⋅ − ).
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conclusions summarize the main findings.

2. Theoretical framework

In this section, the theoretical framework is given. First, the analytic 
methods used to determine the span of each region of the stress-strain 
curve are described. Then, the generalized Maxwell and Kelvin models 
for the obtention of the relaxation modulus and creep compliance are 
presented.

2.1. Compressive stress-strain curve analysis

In this section, analytic methods for determining the span of each of 
the sections described are given. Specifically, in Fig. 2 the plateau and 
densification onsets are described in detail. The solid line represents the 
typical stress-strain curve. Fig. 2(a) zooms into the plateau onset, 
showing every parameter involved in this region transition. The dashed 
line represents the derivative of the stress-strain curve dσ/ dε. The de
rivative increases in the elastic region until its maximum EI is reached, 
then, it decreases to its minimum EII and starts to increase again after. 
The dotted lines in Fig. 2(a) represent the bilinear model proposed in 
this work. In the elastic region, the slope of the linear model is EI and in 
the plateau region, the slope is EII. In both cases, the linear model is 
tangent to the stress-strain curve in its inflection points. The crossing 
point of both tangents is the plateau onset, given by its strain εI and 
stress σI values and separates the elastic and plateau regions of the 
material represented in Fig. 1.

Fig. 2(b) shows the full span of the stress-strain curve and describes 
the densification onset, which can be established as the strain εII at 
which the energy absorption efficiency η is maximum and separates 
plateau and densification regions (see Fig. 1).The energy absorption 
efficiency can be defined as [10] 

η(ε)=
∫ ε

0 σ(έ )dέ
σ(ε) =

W(ε)
σ(ε) , (1) 

where W(ε) represents the deformation energy absorbed up to a certain 
strain. The energy absorption efficiency is represented in Fig. 2(b) with a 
dashed-dotted line, correspondingly scaled for the sake of visualization. 
The energy absorption efficiency increases up to its maximum at εII and 
afterwards starts decreasing.

Concluding, from the analysis of the stress-strain curve of an elas
tomeric foam the deformation energy absorbed by a material can be 
calculated. Dividing this energy by the peak stress of the total defor
mation, the energy absorption efficiency is obtained. Moreover, the 
plateau onset and the densification onset can also be obtained, along 
with a bilinear model for the elastic and the plateau regions.

2.2. Modelling of time-dependent properties

In general, PUMEs exhibit a viscoelastic behavior when under static 
loads. This behavior can be characterized by the time-dependent strain 
ε(t) and stress σ(t), which are related through the relaxation modulus 
E(t) and the creep compliance C(t), according to the Boltzmann super
position principle, as follows [24]: 

σ(t)=E(t)*ε̇(t) =
∫ t

0
E(t − τ)ε̇(τ)dτ (2) 

and 

ε(t)=C(t)*σ̇(t) =
∫ t

0
C(t − τ)σ̇(τ)dτ, (3) 

where the * symbol represent the convolution product operator. By 
applying the Laplace transform to Eqs. (2) and (3) the following is 
obtained: 

σ̃(s)= sẼ(s)ε̃(s), (4) 

ε̃(s)= sC̃(s)σ̃(s), (5) 

where (•̃)(s) represents the Laplace transform of any ( •)(t) function and 
s is the Laplace domain variable. Substituting Eq. (5) in Eq. (4): 

Ẽ(s)C̃(s)=1
/
s2, (6) 

and inversing the Laplace transform, the convolution relationship be
tween relaxation modulus and creep compliance is obtained as 

E(t)*C(t)= t. (7) 

This relationship enables the interconversion between these two 
properties, provided an analytical model for either one is available.

Regarding modelling, one approach to model the relaxation modulus 
is to use the generalized Maxwell model, depicted in Fig. 3(a). When a 
constant strain ε0 is applied, the resultant relaxation modulus for the 
generalized Maxwell model with n Maxwell elements can be described 
as a sum of exponential terms as [24] 

E(t)=E∞ +
∑n

i=1
Ei exp

(

−
t
τi

)

, (8) 

where E∞ is the elastic modulus of the independent spring, also known 
as relaxed modulus, and represents the relaxation modulus when t→∞, 
Ei is the elastic modulus of the spring in the ith Maxwell element and τi is 
the relaxation time of the ith Maxwell element. The initial value of the 
relaxation modulus is E0 = E(t = 0) = E∞ +

∑n
i=1 Ei, which is known as 

the unrelaxed modulus.

Fig. 3. Rheological model depiction of (a) the generalized Maxwell model and (b) the generalized Kelvin model.
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In contrast, to model the creep compliance of a viscoelastic material, 
the generalized Kelvin model depicted in Fig. 3(b) can be used. When a 
constant stress σ0 is applied, the resultant creep compliance can be 
described as a sum of exponentials as follows: 

C(t)=C0 +
∑n

i=1
Ci

[

1 − exp
(

−
t
μi

)]

, (9) 

where C0 = C(t = 0) is the compliance (calculated as the inverse value of 
the elastic modulus) of the individual spring element and represent the 
instantaneous creep compliance of the material, Ci is the compliance of 
the spring in the ith Kelvin element and μi is the retardation time of the 
ith Kelvin element. C∞ = C(t →∞) = C0 +

∑n
i=0 Ci represents the long- 

term creep compliance.
For this work, the creep compliance is obtained experimentally and a 

Kelvin generalized model is fitted to the data, proving that 2 K elements 
(n = 2 in Eq. (9)) are enough to describe it. Hence, C0, C1, C2, μ1 and μ2 
are the parameters of the corresponding Kelvin model.

Making use of the convolution relationship in (7) the two term Kelvin 
model can be analytically transformed into a two term Maxwell model, 
resulting the relaxation modulus in the time domain [22]: 

E(t)=E∞ +E1 exp
(

−
t

τ1

)

+ E2 exp
(

−
t

τ2

)

, (10) 

where 

E∞ =
1

C0 + C1 + C2
, (11) 

E1 =E∞

[
C1 + C2

2C0
+

μ1
(
C1 − C2 − C2

2
/
C0

)
+ μ2

(
C2 − C1 − C2

1
/
C0

)

2Δ1/2

]

,

(12) 

E2 =E∞

[
C1 + C2

2C0
−

μ1
(
C1 − C2 − C2

2
/
C0

)
+ μ2

(
C2 − C1 − C2

1
/
C0

)

2Δ1/2

]

,

(13) 

τ1 =
2C0μ1μ2

C0(μ1 + μ2) + C1μ2 + C2μ1 − Δ1/2 (14) 

and 

τ2 =
2C0μ1μ2

C0(μ1 + μ2) + C1μ2 + C2μ1 + Δ1/2 (15) 

with Δ = (C0μ1 − C0μ2 − C1μ2 + C2μ1)
2
+ 4C1C2μ1μ2.

3. Materials and methods

In this section, the material under study is described, as well as the 
equipment used and the experiments performed. Two different experi
mental methods are applied using a Dynamic Mechanical Analyzer 
(DMA) with a compression clamp. Initially, stress-strain curves are ob
tained applying two different force rates (corresponding to the quasi- 
static case and the maximum force rate of the equipment) in order to 
prove the rate dependency of the curves. Lastly, creep experimental data 
is gathered for eight different constant stresses.

3.1. Materials and equipment

The material studied in this work is a microcellular polyurethane 
elastomer. To achieve this structure, certain blowing agents are added to 
an isocyanate and polyol mixture (also known as polyurethane precur
sor). These agents release gas when exposed to heat, creating bubbles 
within the material, which produces the microcellular structure. 
Depending on the amount and composition of the blowing agents and 

Fig. 4. SEM image of the microcellular polyurethane elastomer under study with three different densities: (a) PUME-45, (b) PUME-55 and (c) PUME-65. The image is 
taken with a ZEISS EVO50 microscope.

Fig. 5. Experimental configuration of the DMA compression clamp with a 
PUME sample.
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the heat and external pressure applied, different cell sizes and therefore 
densities can be obtained [25]. For this work, three different apparent 
densities are tested, namely: 450 kg/m3, 550 kg/m3 and 650 kg/m3, 
which will be named PUME-45, PUME-55 and PUME-65 respectively 
throughout the rest of the article.

Fig. 4 shows a Scanning Electron Microscope (SEM) image of the 
three materials under study using a ZEISS EVO50 microscope. The sur
face of the material is treated with a 5 nm thickness Au/Pd (80:20 wt 
ratio) layer. In this image, the microcellular structure of the material is 
revealed. It can be observed that as the density increases, the pore size 
and shape become more uniform, and the pore distribution sparser, 
making, in principle, the material stiffer under compressive loads.

To ensure the repeatability of each test, three different samples are 
tested for every experimental procedure. The test specimens are cut 
using a hole puncher of 5 mm diameter from 3 mm thick material sheets.

Every test performed in this work has been done using a DMA with a 
compression clamp (Fig. 5), specifically, the DMA Q800 model fabri
cated by T.A. Instruments. This equipment can generate force-controlled 
displacements with range from 0.001 N to 18 N and it a rate limit of 250 
N/min. The minimum sampling rate of the equipment is 10 pt/s.

3.2. Experimental methods

The stress-strain curve obtention procedure and the creep experi
mental procedure are described below. All experiments are performed 
under isothermal conditions at 35 ◦C. To ensure the homogeneity of the 
temperature within the sample, a 10-min isothermal soak is performed 
before every experiment.

The stress-strain curve of a material gives an overview of how the 
material behaves when an increasing load is applied. In viscoelastic 
materials, it is known that the rate at which the load is applied has an 
influence on their capacity to absorb deformation energy. Therefore, 
two different force rates Ḟ are tested. The lowest rate tested is 0.005 N/ 
min, which is considered to be quasistatic, resulting in a 3600-min-long 
force ramp until the 18 N force limit of the equipment is reached with a 
0.1 pt/s sampling rate. The highest rate tested is limited by the equip
ment at 250 N/min, resulting in a 4.32-s-long force ramp with the 
maximum sampling rate of the equipment (10 pt/s). From the analysis of 
the experimental data obtained in these experiments the values of εI, εII, 

σI, EI and EII shown in Fig. 2 are obtained, as well as the energy ab
sorption efficiency η of the materials.

Given the available equipment works with force-controlled dis
placements, the experimental obtention of the creep behavior of the 
material under constant stresses is straightforward. To this end, an 
instantaneous and constant stress is applied to the sample and the 
change in strain over time is measured. The tests are performed with 
eight different stresses and a time-span of 10 min. The selected stresses 
are 25 kPa, 50 kPa and from 100 kPa to 600 kPa in steps of 100 kPa. The 
sampling rate for these experiments is 10 pt/s. To compute the creep 
compliance C(t) experimental values from these tests, the strain is 
divided by the applied stress. Once the experimental data is gathered, 
the parameters in Eq. (9) with n = 2 are optimized through a curve 
fitting process for each experimental curve. Then, the parameters of the 
relaxation modulus are obtained using Eqs. (10)–(15).

4. Stress-strain results analysis

This section presents the obtained experimental results of the force 
ramps. The stress-strain curves are analyzed in terms of the bilinear 
model proposed for the elastic and plateau regions. Next, the energy 
absorption properties are obtained.

4.1. Experimental results and bilinear model

The experimental results of the force ramps are shown in Fig. 6. The 
solid lines represent the mean result of three different samples and the 
dashed lines represent the confidence interval within one standard de
viation (STD).

In the quasistatic curve, the three materials show an initial linear 
elastic region, followed by another linear elastic plateau region. At high 
strain, the stress starts to rapidly increase for the three materials, leading 
to the densification region, this increase is more pronounced in PUME- 
45 than in the other two densities. The PUME-65 exhibits the highest 
stiffness among the three materials, followed by PUME-55 and PUME- 
45.

For the fastest curve the behavior is similar. However, the stress 
values for each of the PUME is higher in this case, demonstrating the rate 
sensitivity of the PUME’s stiffness, as expected from a viscoelastic ma
terial. In addition, the plateau region begins at lower strain and its more 

Fig. 6. Stress-strain experimental curves at different force rates: (a) quasistatic ramp and (b) fast ramp. Solid lines ( − ) represent the mean of three tested samples 
and dashed lines ( − − ) represent the corresponding confidence interval within one STD.
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pronounced.
For both force rates, the PUME-65 consistently shows the stiffer 

response, followed by PUME-55 and PUME-45. Moreover, the difference 
between PUME-65 and PUME-55 is considerably lower than between 
PUME-55 and PUME-45, likely caused by the inhomogeneities in the 
microstructure shown in Fig. 4(a).

The differences in mechanical response can be further understood 
through the microstructural characteristics of the materials. While the 
polyurethane precursor used in all three densities is identical, the vari
ations in density arise from differences in the concentration of blowing 
agents, leading to different pore count and distribution, as revealed in 

the SEM images in Fig. 4. The pore size remains relatively constant 
across the three densities, but lower-density PUME (PUME-45) exhibits a 
higher pore count and less uniform distribution. This microstructural 
configuration leads to thinner cell walls, resulting in lower stiffness and 
strength. Conversely, higher-density materials (PUME-65) feature a 
sparser pore distribution with greater uniformity, which enhances their 
ability to resist loads.

The parameters describing the plateau onset (separating the elastic 
and plateau regions) and the densification onset (marking the beginning 
on the densification region) are obtained as described in section 2.1 and 
shown in Table 1. It is worth to be noted that, for the stress range tested, 
only PUME-45 reaches densification in the quasistatic ramp and none in 
the fastest. From these results, a bilinear model can be built for the 
elastic and plateau regions. In Fig. 7, the bilinear model is superimposed 
to the experimental curves. The model is truncated from the densifica
tion onset onwards and the stress-strain curve in the densification region 
is therefore greyed out.

Based on the results in Tables 1 and it can be concluded that every 
parameter grows with density, except for the densification onset εII, for 
which there are not enough results to make any assumptions. The 
plateau onset strain εI is the less affected parameter, with less than a 20 
% change between the lowest and the highest density. The plateau onset 

Table 1 
Bilinear model parameter values for the stress-strain curves.

Material PUME-45 PUME-55 PUME-65

Ḟ (N /min) 0.005 250 0.005 250 0.005 250
εI (%) 11.69 12.62 12.51 13.02 13.42 13.03
σI (MPa) 0.170 0.230 0.257 0.325 0.290 0.358
EI (MPa) 1.763 2.002 2.468 2.809 2.540 3.090
EII(MPa) 0.643 0.838 1.127 1.426 1.527 2.065
εII (%) 51.05 – – – – –

Fig. 7. Bilinear model for the stress-strain curves ( − ) over the experimental results ( − − ) for the two tested loading rates: (a) quasistatic ramp and (b) fast ramp. 
Circles (○) represent the plateau onset for each of the materials.

Fig. 8. Efficiency of each material as a function of (a) strain and (b) peak stress. Solid lines ( − ) represent the results for the quasistatic ramp (0.005 N/min) and 
dashed lines ( − − ) represent the results for the fast ramp (250 N/min).
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stress σI and the elastic modulus EI show a 70 % change between the 
lowest and the highest density and the plateau modulus EII is the most 
affected parameter with an increase higher than a 100 % between the 
lowest and the highest density. It is worth to be mentioned that the 
change in these parameters is not linear with density, showing a greater 
variation between PUME-45 and PUME-55 than between the former and 
PUME-65.

Regarding the dependence of the parameters with the force rate of 
the ramp, all of them experiment an increase in their value, except for 
the plateau onset strain of the PUME-65 material, which remains almost 
constant. Both the plateau onset stress and the plateau modulus exper
iment an increase of around a 30 % in their values, while the elastic 
modulus grows only around the 20 %. These results indicate that the 
bending and buckling behavior of the cell walls is influenced by the 
loading rate. This dependence is characteristic of viscoelastic materials 
and can be attributed to the inherent rate sensitivity of the elastomeric 
polyurethane material [4,11].

4.2. Energy absorption efficiency

To address the energy absorption capabilities of the PUMEs, Fig. 8
shows the resultant efficiency η as a function of strain and peak stress for 
each density. Solid lines represent the quasistatic ramp (0.005 N/min), 
and dashed lines represent the results for the fast ramp (250 N/min).

For both loading rates, PUME-45 demonstrated the highest effi
ciency, followed by PUME-55 and PUME-65 (Fig. 8(a)). PUME-45 was 
the only material to reach peak efficiency max(η45) = 0.254 within the 
tested strain range, indicating it reaches the densification region as 
defined in Section 2.1 for εII = 51.05 %. The loading rate did not 
significantly affect the efficiency when plotted against strain.

Similarly, when plotted against peak stress (Fig. 8(b)), PUME-45 
maintains the highest efficiency across all peak stress levels for both 
loading rates, followed by PUME-55 and PUME-65, indicating that the 
lower density material is more efficient at energy absorption. For PUME- 
45, the efficiency grows faster for the quasi-static ramp, reaching the 
maximum efficiency at 554 kPa peak stress and decreasing for greater 
peak stresses. At 614 kPa peak stress, the efficiency of the fast ramp 
begins to be higher, reaching 0.259 efficiency at the limit, which is 

higher than the peak efficiency of the quasi-static ramp, implying that 
the material absorbs energy more efficiently at low deformation rates for 
peak stresses lower than 614 kPa, while a higher deformation rate is 
preferred for higher peak stresses.

In the stress range tested, PUME-55 and PUME-65 show a similar 
behavior. PUME-55 shows a higher energy absorption efficiency in the 
whole range, being the lower deformation rate more efficient. PUME-65 
shows the lowest energy absorption efficiency of the three materials 
tested, being the lower deformation rate more efficient.

These results highlight the significant impact of density and loading 
rate on the mechanical behavior of PUMEs, with higher density mate
rials being more suitable for applications requiring greater load-bearing 
capacity and stiffness. However, for applications requiring a high energy 
absorption at low peak stresses, lower density materials perform better.

5. Relaxation model development

In this section, the results regarding the creep experiments are 
shown, along with the curve fitting of the Kelvin model and the conse
quent obtention of the Maxwell relaxation model.

5.1. Creep experimental results

Fig. 9 shows the creep experimental results of the three tested den
sities. The solid lines represent the mean value of four different samples 
and the dashed lines represent the corresponding confidence interval 
within one standard deviation. The experimental results show that up to 
50 kPa the three different densities behave similarly. From 100 kPa 
onwards, the PUME-45 starts to deviate from the rest, with a significant 
increase in strain, while the PUME-55 and PUME-65 curves overlap. 
From 400 kPa onwards the strain in the PUME-55 samples start to be 
noticeably bigger than that from the PUME-65 samples.

The creep experiments demonstrate that the strain response of 
PUMEs is significantly influenced by both material density and the level 
of applied stress. PUME-65 is more resistant to creep, exhibiting lower 
strain under constant load, whereas PUME-45 is more prone to 
deformation.

Fig. 9. Creep experiments results. The change in strain is represented for different constant loads for the three different materials. Eight different prestresses are 
tested: (a) 25 kPa, (b) 50 kPa, (c) 100 kPa, (d) 200 kPa, (e) 300 kPa, (f) 400 kPa, (g) 500 kPa and (h) 600 kPa. Solid lines ( − ) represent the mean value of the three 
samples and dashed lines ( − − ) represent the corresponding confidence interval within one standard deviation.
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5.2. Maxwell model development

In this section, the two term Kelvin model parameters described in 
Section 2.2 will be fitted to the creep experimental results. Then, by 
using the convolution product relationship described in Section 2.2, the 
Maxwell model for the relaxation modulus is developed. To obtain the 
creep compliance C(t) from the experimental results in Fig. 9, the strain ε 
is divided by the applied stress σ0.

For the curve fitting process, Matlab’s ‘fmincon’ (MATLAB 2023a) 
function has been used. The mean squared error (MSE) between the 
experimental data and analytical function in Eq. (9) is used as objective 
function: 

MSE=
1
m

∑m

j=1

1
N

∑N

i=1

[
Cexp

(
ti, σj

)
− CK

(
ti, σj

)]2
, (16) 

where m is the total number of stresses tested, N is the total number of 
time-steps Cexp

(
ti, σj

)
and CK

(
ti, σj

)
are the experimental and Kelvin 

model creep compliances respectively, as a function of time ti and stress 
applied σi.

As shown in Eq. (9), the model has 5 independent parameters, whose 
values are optimized to minimize the objective function. In Table 2, the 
last evaluation of the objective function and the coefficient of determi
nation R2 is shown. Based on the values of R2, the curve fitting process is 
successful and the model correctly represents the experimental data.

Fig. 10 illustrates the fitting parameters from the generalized Kelvin 

model for the creep behavior of PUMEs with different densities for the 
whole tested stress range. The initial creep compliance C0 and the long- 
term creep compliance C∞ show a similar behavior. Both exhibit a 
decreasing tendency at low stresses, continued by an increase. In the 
case of PUME-45, the tendency becomes decreasing again when the 
densification onset is reached. In both cases, PUME-45 shows a greater 
compliance, followed by PUME-55 and PUME-65, demonstrating that 
greater densities lead to stiffer materials, less prone to deformation.

Retardation times μ1 and μ2 decrease with increasing stress for all 
materials. Although the differences are not extreme, PUME-65 shows 
higher retardation times than the rest of the materials. PUME-55 and 
PUME-45 show a similar behavior up until 300 kPa and deviate from 
400 kPa onwards. PUME-45 is the material with the lowest retardation 
times, indicating a faster response than the rest of the materials.

Using Eqs. (11)–(15), the relaxation modulus parameters for the 
generalized Maxwell model (10) can be obtained from the values rep
resented in Fig. 10. Given the generalized Maxwell model is developed 
for constant strains, a transformation from the stress σ0 to the strain ε0 
independent variable is needed. In this regard, it must be noted that for 
long-time periods, where t→∞, 

E∞ = σ(t → ∞) / ε0 (17) 

and 

C∞ = ε(t → ∞) / σ0. (18) 

Hence, Eq. (11) proves that E∞ = C− 1
∞ . Therefore, σ0 and ε0 can be 

related by 

ε0 =C∞σ0. (19) 

Using Eq. (19), in Fig. 11 the evolution of the Maxwell model pa
rameters with strain for each of the material densities is presented. As 
expected, this figure shows a behavior complementary to Fig. 10.

The initial E0 and long-term E∞ modulus have a similar behavior and 

Table 2 
Last evaluation of the objective function in the curve fitting process.

Material MSE R2

PUME-45 2.66 × 10− 6 0.9902
PUME-55 1.37 × 10− 6 0.9899
PUME-65 1.45 × 10− 6 0.9909

Fig. 10. Obtained results for each of the parameters of the creep generalized Kelvin model as a function of stress after the curve fitting process: (a) C0, (b) C∞ = C0 +

C1 + C2, (c) C1, (d) C2, (e) μ1 and (f) μ2.
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opposite to what the initial and long-term creep compliances showed. In 
contrast, the relaxation times τ1 and τ2 show a slightly lower values than 
the retardation times, but with the same decreasing tendency when 
higher strains are applied. Moreover, the PUME-65 retardation time 
shows a higher value for low strains and tends to similar values of 
PUME-55 and PUME-45 when greater strains are applied.

6. Conclusions

This study comprehensively examined the mechanical behavior of 
PUME foams, providing valuable insights into the influence of material 
density on energy absorption efficiency and long-term behavior.

The experimental stress-strain results demonstrate that higher den
sity PUMEs have greater stiffness. The proposed bilinear model allowed 
for the elastic and plateau region characterization, showing an 
increasing plateau onset stress for higher densities (70 % increase) while 
the strain is much less affected (15 % increase). Only PUME-45 reaches 
the densification onset in the quasistatic ramp at 51.05 % strain. Based 
on the same curves, the energy absorption efficiency can also be eval
uated. In the range tested, PUME-45 shows the greatest energy absorp
tion efficiency, reaching its global maximum (0.254) at 554 kPa. PUME- 
55 and PUME-65 show an increasing tendency, but do not reach a 
maximum.

Regarding the fast ramps, the material shows an increase of 30 % in 
the plateau onset stress and the plateau modulus and 20 % increase in 
the elastic modulus, while the plateau onset strain remains almost 
constant for the three densities. Energy absorption efficiency remains 
unaffected by the loading rate when plotted against strain, although it 
shows an increase in peak stress for the same energy absorption effi
ciency levels for the three tested densities.

The generalized Kelvin model effectively captures and help in the 
description of the creep behavior of PUMEs. PUME-65 shows a lower 
creep overall with higher retardation times, indicating lower 

deformations and slower responses for higher densities under the same 
load. Retardation time also decreases with the applied stress, showing 
faster responses for increasing loads. The derived relaxation modulus 
corroborates the previous findings but show lower relaxation times, 
indicating the relaxation phenomena occurs faster than the creep.

The increased stiffness and reduced creep compliance make higher 
density PUMEs more suitable for applications requiring higher load- 
bearing capacity. Conversely, lower density PUMEs, with their higher 
energy absorption efficiency, are better suited for applications needing 
high energy absorption at lower stresses.
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