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A B S T R A C T   

In this paper, we created a general mathematical equation for the cushion curves of polymeric foams, using the 
measurement results of drop weight impact tests on commercially available, closed-cell ethylene-vinyl acetate 
and cross-linked polyethylene foams of different densities. We found exponential relationship between the results 
of the drop tests and the static load, and investigated the effect of the input parameters on the fitted constants 
using analysis of covariance and multiple linear regression. In the second part of the study, we used a novel 
approach to theoretically determine the cushion curves of different thicknesses. We predicted material behavior 
using the Burgess method on the fitted exponential equations and assessed the limitations and accuracy of this 
extrapolation approach by comparing the measured and simulated data. We validated the results by quantifying 
the permanently damaged volume of the foams with the use of a 3D optical measuring system.   

1. Introduction 

During transportation and handling, consumer goods (e.g. techno-
logical products) are often subjected to impacts and shocks, which can 
damage them mechanically and cause permanent damage. Therefore, 
foamed polymer packaging materials are used to protect them and 
decrease the risk of mechanical damage [1]. These materials are light, so 
their transport causes reduced environmental pollution. Stricter and 
stricter environmental directives are forcing the industry to improve 
constantly, therefore biomaterials receive a great deal of attention, 
because they have a smaller ecological footprint [2]. In addition, this 
footprint can also be reduced if less material is used, which can achieved 
through accurate product design. Therefore, another important research 
goal is to reduce the weight of products, so foams are widely used and 
tested. In addition, due to their cellular structure, foams can absorb a 
huge amount of impact energy, while keeping the maximum accelera-
tion acting on the product under a certain limit [3–6]. 

In the packaging industry, the foams used to protect the product are 
selected with the use of the so-called cushion curves, which are attached 
to the data sheet of the packaging material. These curves summarize the 
maximum absolute acceleration (marked with G in Fig. 1.) results of 
several drop-weight tests as a function of static load and are available for 

several drop heights. The static load is the compressive stress to which 
the foam under the product is subjected during storage (1). 

s=
mg
A

[Pa] (1)  

where s [Pa] is the static load, m [kg] is the mass of the product, g = 9.81 
[ms− 2] is gravitational acceleration, while A [m2] is the contact area 
between the foam and the product [7–9]. 

In general, a huge number of drop tests are required to determine the 
cushion curve, in which the mass of the body dropped down onto the 
foam is continuously increased, causing the foam to give a different 
material response (Fig. 1). 

In case of dropping down a lower weight (see m1 in Fig. 1.), the cell 
structure of the foam is only minimally deformed, resulting in short 
impact time and, therefore, high peak acceleration (G1). With increasing 
the impactor mass (m2), the foam becomes gradually more and more 
deformed, and the maximum acceleration value decreases steadily until 
the minimum point of the cushioning curve. At the minimum point, the 
load (see m2) compresses the foam until the end of the so called plateau 
zone [4] providing a longer path to reduce the impactor’s speed without 
causing irreversible structural deformation. After this point, the 
maximum acceleration value increases again (e.g. see G3) because the 
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Contents lists available at ScienceDirect 

Polymer Testing 

journal homepage: www.elsevier.com/locate/polytest 

https://doi.org/10.1016/j.polymertesting.2022.107837 
Received 29 July 2022; Received in revised form 30 August 2022; Accepted 14 October 2022   

mailto:kmetty@pt.bme.hu
www.sciencedirect.com/science/journal/01429418
https://www.elsevier.com/locate/polytest
https://doi.org/10.1016/j.polymertesting.2022.107837
https://doi.org/10.1016/j.polymertesting.2022.107837
https://doi.org/10.1016/j.polymertesting.2022.107837
http://crossmark.crossref.org/dialog/?doi=10.1016/j.polymertesting.2022.107837&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Polymer Testing 117 (2023) 107837

2

third zone of the stress–deformation curve (densification) [4] is reached. 
Here the cells are completely compacted before the impactor’s speed is 
reduced to zero, which results in a higher peak acceleration. The 
shock-absorbing performance of the foam is the best in the minimum 
point (G1), where the degree of deformation is optimal to absorb the 
impact energy and protecting the product from high peak forces [4, 
7–10]. 

In packaging, the sensitivity of different products to mechanical load 
is characterized by the fragility factor, which shows the linear acceler-
ation limit beyond which the product suffers mechanical damage. With 
this limit, a horizontal line can be drawn on the cushion curves to 
indicate critical absolute acceleration, from which the acceptable static 
load range can be determined where the material will absorb the impact 
energy and protect the product (see Fig. 2). Then the minimum required 
contact area can be calculated based on the mass of the product (see 
Equation (1)). Thus, using cushion curves is an effective way to design 
suitable protective packaging for a product with known requirements 
[7,10]. 

It is also important to note that besides packaging, the curves can 
also be used in any other areas (e.g. the sports [11] or automotive in-
dustry [12]), which exploit the advanced energy-absorbing capability of 
foams. In addition to their practical use, the curves illustrate the effect of 
impact energy (mass and drop height) and foam thickness on shock 
absorption, so their analysis is also important from a scientific point of 
view. 

Despite the scientific and practical importance of the topic, most 
studies in the literature [13–15] and industrial applications [16,17] fit 
the measurement results with a polynomial equation of many degrees. 
These, apart from having limited physical content, only give accurate 
results within the measurement range and the extrapolation to higher 
static loads results in impossible material behavior. 

Another problem is the large number of measurements needed to 
determine the curves. The ASTM D-1596 standard is the most commonly 
used test method, which defines five drops on each sample with a 
minimum relaxation time of 1 min between each drop. It evaluates the 
results of the 1st and 2nd–5th drops separately [18]. Therefore, to 
determine a full range of cushion curves (7 drop heights, 6 thicknesses), 
a minimum number of 10500 drops is necessary [1]. Thus, several 
theories have been published that aim to simplify the measurement 
process and reduce laboratory time. 

Conversion from a quasi-static compression chart is the simplest way 
of cushion curve generation. However, studies [19,20] using this 
method had limited accuracy, with a difference between the measured 
and calculated data of at least 30%. Ramon and Miltz [21] showed that 
this method is only applicable to rate-independent foams, where the 
mechanical characteristics are not affected by the strain rate. 

Thus, extrapolating methods [22–24], which calculate the curves 
from the results of a small series of drop tests, are more commonly used 

to predict the cushioning behavior of packaging materials. The most 
widely used of these is the "equation-fitting" method published by Gary 
Burgess [23], which can be used to estimate the curves with high ac-
curacy for any height and thickness from a single experimental cushion 
curve. The method uses the relationship between the energy density 
(energy absorbed per unit volume) and maximum dynamic compression 
stress (see Equation (2)) to predict the curves, as both parameters can be 
related to the cushion strain at peak compression: 

(G+ 1)s ∼ s h / t (2)  

where G is peak acceleration [g = 9,81 m/s2], s [Pa] is the static load, h 
[m] is the drop height, and t [m] is the thickness of the sample. The 
method was validated on 32 kg/m3 density macrocell polyethylene and 
24 kg/m3 density expanded polystyrene foams [23]. However, its ac-
curacy on microcell foams has not been demonstrated yet, and the static 
load range of its applicability is also unknown. Another important but 
not yet investigated factor is the dependence of cushion curves on foam 
density. Similar to the study of Burgess [23], all of the previously pub-
lished articles regarding the topic focused on decreasing testing time and 
defining the relationship only between drop height, thickness, and peak 
acceleration. 

In this study, our goal was to create a general mathematical equation 

Fig. 1. Schematics of the process for determining cushion curves.  

Fig. 2. Determining of the acceptable static load range with cushion curves.  
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for the cushion curves of polymeric foams, which can be extended 
outside the tested static load range and include the effect of foam den-
sity. We found an exponential relationship between the results of the 
drop tests and the static load, and investigated the dependence of the 
fitted constants on the input parameters using covariance analysis and a 
two-factor design of experiment study. We also analyzed the accuracy 
and applicability of the Burgess-method [23] by comparing experi-
mental and theoretical data. 

2. Materials 

The tests were carried out on commercially available ethylene-vinyl 
acetate (EVA) and cross-linked polyethylene (XPE) foams of different 
densities. The EVA foams were provided by UFM Bt. 
(Mosonmagyaróvár, Hungary), while the XPE foams were supplied by 

Polifoam Ltd. (Budapest, Hungary). The density and thickness of the 
foam sheets were selected based on Tomin and Kmetty [25] to cover the 
characteristics of foams used in the industry. Table 1 contains the la-
beling, density and structural properties of the tested samples. 

The cell structure characteristics of the samples were determined 
from scanning electron microscopic (SEM) images (Fig. 3) taken with a 
Jeol JSM 6380LA microscope according to the method described in our 
previous papers [26,27]. 

As the images show, both foam types have a closed-cell structure, but 
there is an order of magnitude difference in cell size and cell density. 

3. Experimental 

3.1. Determining the cushion curves 

3.1.1. Impact tests 
In order to obtain the cushion curves of the foams, we performed 

drop tests using a Ceast Fractovis 9350 impact tester. The machine had a 
flat-end cylindrical impactor with a 50 mm diameter. The 100x100x50 
mm foam specimens were placed on a 40 mm thick steel plate, which 
functioned as a rigid support. Five drops were performed on each 
specimen, and the results obtained from the 1st, and the 2nd–5th drops 
were treated separately in the evaluation. We waited at least 60 s be-
tween two successive drops, and executed the tests following the rec-
ommendations of ASTM D1596-97 standard. For each cushion curve, we 
measured at least nine points with different static load values in the 
range of 12–252 kPa. All measurement series were carried out at three 
different drop heights (200, 400 and 600 mm). 

3.1.2. Mathematical modeling 
The equation describing the cushion curves was determined from the 

relationship between the directly recorded maximum force and the 
static load as follows: 

Since we found an exponential relationship between the two prop-
erties (see Fig. 3), first we determined the relationship between the static 
load and the maximum force (3), based on the measured points: 

Fmax = c1 • ec2s [N] (3)  

where C1 [N] and C2 [1/kPa] are material- and drop height–dependent 
constants, s [kPa] is the static load and Fmax [N] is the maximum force. 
Then, we calculated the dropped mass m [kg] as a function of the static 
load (4): 

m= s •
A
g
• 1000 [kg] (4)  

where A [m2] is the contact area between the impactor head and the 
foam, s [kPa] is the static load, and g = 9.81 [m/s2] is gravitational 
acceleration. 

From this, the general equation of the cushion curves (5) can be 
written based on Newton’s second law and Equations (3) and (4): 

a=
Fmax

m
=

c1 • ec2s

s • A • 1000/g
[
m
/

s2] (5) 

Table 1 
Main characteristics of the investigated samples.  

Sample name Material Density [kg/m3] Average cell size [μm] Average cell wall thickness [μm] Cell density [pcs/cm3] Investigated thickness [mm] 

EVA50 EVA 50.66 ± 0.47 62 ± 26 1.2 ± 0.5 1779323 40 and 50 
EVA100 EVA 96.07 ± 0.52 63 ± 22 2.4 ± 0.8 1711328 40 and 50 
EVA130 EVA 130.30 ± 1.22 63 ± 29 3.3 ± 1.5 1745215 40 and 50 
EVA150 EVA 147.77 ± 1.57 62 ± 28 3.7 ± 1.6 1917934 40 and 50 
XPE030 XPE 28.36 ± 0.42 622 ± 151 6.7 ± 1.6 2815 40 and 50 
XPE040 XPE 44.45 ± 0.36 567 ± 163 8.7 ± 2.5 4194 40 and 50 
XPE050 XPE 45.70 ± 0.29 500 ± 138 9.1 ± 2.5 4839 40 and 50 
XPE070 XPE 69.72 ± 0.38 464 ± 108 12.3 ± 2.9 6947 40 and 50  

Fig. 3. SEM image of the XPE050 (a) and EVA50 (b) samples.  
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which, after rearranging and converting to the unit of [g = 9.81 m/s2] 
can be written as follows: 

a=
1

1000 • A
• c1 •

ec2s

s
[g] (6) 

We determined equation (6) for both materials for four different 
densities and three different drop heights to investigate the dependence 
of constants C1 and C2 on the input parameters. 

Thus, the effect of foam density and drop height on the values of the 
constants was analyzed with multiple linear regression and covariance 
analysis. The distances between density levels were not equal for prac-
tical reasons, and one approach is to look at the levels as quantitative 
variables. However, they can be considered different material struc-
tures, as density is an average value with which we try to capture the 
characteristics of the samples. Therefore, our analysis covers both ap-
proaches with a significance level of 5%. 

3.2. Predicting the cushion curve for unknown foam thicknesses 

3.2.1. Drop tests and theoretical prediction 
The second part of the study investigated the limitations of the 

Burgess approach. First, we predicted the curves of 40 mm thick foams, 
then checked the accuracy of prediction with performing drop tests on 
these samples from a drop height of 400 mm in the static load range of 
12–102 kPa. 

Burgess’ method [23] uses linear interpolation for the estimation 
between the sh/t and (G+1)s auxiliary data, which does not take into 
account the actual shape of the cushion curves between the static load 
points associated with the data. However, the results are more accurate 
if the fitted exponential equations (see Equation (6)) are used instead of 
the exact measurement points. 

According to the basic principle of the method (Equation (2)), the 
following relationships between the available and the desired data pairs 
can be written: 

s1 • h1

t1
=

s2 • h2

t2
(7)  

(G1 + 1)s1 =(G2 + 1)s2 (8)  

where index 1 refers to the available, while index 2 to refers to the 
desired data. If Equations (6)–(8) are combined after insertions and 
rearrangements, the estimated cushion curve can be given as: 

G2 =
1

1000•A • c1 • eδ•c2•s2 + δ • s2

s2
− 1 [g] (9)  

where δ [− ] is a constant that varies as a function of the available and 
searched thicknesses and drop heights: 

δ =
h2 • t1

t2 • h1
(10) 

With this estimation method, we predicted the curves for a drop 
height of 400 mm and a foam thickness of 40 mm in each case, calcu-
lating from the points of the fitted exponential equations of cushion 
curves of 200, 400, and 600 mm drop heights. 

3.2.2. Investigating the magnitude of irreversible deformation 
During the drop tests, the test specimens were damaged in several 

cases by the repetitive loading, and the area in contact with the impactor 
was torn out of the foam surface. Since the extent of damage varied 
visibly between foam types for the same measurement parameters, we 
aimed to quantify the permanently deformed volume. For this purpose, 
we 3D scanned the samples before and after the drop-weight test at a 

Fig. 4. Maximum force-static load diagrams for all foam types in case of different drop heights (200, 400 and 600 mm).  
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static load of 103 kPa using a GOM ATOS Core 5M (Gesellschaft für 
Optische Messtechnik GmbH, Braunschweig, Germany) optical 
measuring system, and determined the permanently deformed volume. 
Under this static load, all types of foam samples had already undergone 
some degree of irreversible deformation, so the differences between 
their materials response can be clearly illustrated. 

4. Results and discussion 

The results of the study can be divided into two main parts. First, we 
performed several drop tests to obtain cushion curves and determine a 
general mathematical equation that accurately describes the response of 
the material. Then we investigated the applicability and the limitations 
of using Burgess’ method for cushion curve prediction. 

In both cases, considering practical reasons (polymer foam products 
in industrial applications are subjected to repetitive impacts), the eval-
uation procedure is presented using the impact test results of the 
2nd–5th drops. 

4.1. Determining the cushion curves 

4.1.1. Test results and parameter fitting 
Knowing the C1 and C2 constants, we can determine the materials’ 

cushion curve for any chosen drop height and foam density using 
equation (6). The Ci values were obtained by fitting an exponential curve 
to the maximum force points plotted as a function of static load, as 
shown in Fig. 4. 

Fig. 5 shows the cushion curves fitted to the results of the drop tests. 
The fitted equations follow the measurement points with high accuracy 
for all foam types. 

All the curves have the typical U shape and, in contrast to the high- 
order polynomial fittings [13–17], can be extrapolated outside the 

measured static load range, correctly describing the expected material 
response. The U shape can be explained with the different degrees of 
deformation due to the change in impact energy (see further explanation 
above in section 1). 

4.1.2. Analyzing the effect of input parameters (foam density and drop 
height) 

In order to design a package that provides adequate protection for a 
given product, one has to understand the dependence of the Ci constants 
on the input parameters in Equation (6). C1 constant mainly affects the 
peak force and thus peak acceleration, so its increase shifts the curves 
upwards. Therefore, a higher C1 value means lower protection regard-
less of the static load. In contrast, increasing C2 shifts the curves to the 
left and upwards, which means that the foam with a lower value pro-
vides adequate protection over a wider range of static loads. In the 
following, the dependencies of these constants are analyzed in depth 
with two different approaches. 

4.1.2.1. Analysis of covariance. First, we considered density as a quali-
tative variable and test height as a quantitative variable and applied 
analysis of covariance (ANCOVA) on the coefficients from the earlier 
regression (C1 and C2 in Equation (6)) separately. Then, we considered 
these coefficients as independent variables. The ANCOVA fits the 
following model (11). 

Ck(h, j)=
(
μ+ μj

)
+
(
β+ βj

)
• h + ε (11)  

where Ck is the kth coefficient on the jth level of density, and with h 
height, μ is the grand mean, μj is the difference between the grand mean 
and the mean on the jth level of density, β is the slope fitted on the whole 
dataset, βj is the difference between the jth individual slope and β, h is 
the measurement height and ε is the error. 

Fig. 5. Comparison of the test results and the fitted cushion curves for all foam types for different drop heights (200, 400 and 600 mm).  
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From equation (11), five different relationships can be modeled. The 
simplest case is when each group of density can be modeled as one 
(which means there is no significant difference between them), and the 
covariate (height) does not affect the response variable (Ck). In this case 
μj = β = βj = 0 for all j’s. Another possibility is that there is a significant 
difference between material structures, but the effect of covariate is not 
substantial, i.e. β = βj = 0 for all j’s. Only one line (with zero steepness) 
could describe the connection between the response and the variables in 
the former case. The latter model would have as many parallel lines as 
the number of different material structures we have. If the covariate has 
a significant effect on the cushion curve coefficient but there is no dif-
ference between the material structures, we would have one line again, 
but the slope would not be zero, i. e. μj = βj = 0 for all j’s. If both ma-
terial structure and drop height have a significant effect, but the latter 
does not depend on material structure, then parallel lines of equal (non- 
zero) slope model the constant, i. e. βj = 0 for all j. In the last case, when 
both material structure and height have a significant effect, and the 
latter depends on material structure, we have different lines from which 
at least one is not parallel with the others, and at least one intercept is 
different. 

We analyzed the data for each material and cushion curve coefficient 
to check which parameters of equation (11) are significant and how 
these coefficients depend on the variables. The results of the ANCOVA 
can be seen in Table 2. 

The results show that the coefficients of the two materials can be 
modeled differently. It is clear from each model that changes in the 
structure of the materials have a significant effect on both coefficients. 
For EVA, the C1 coefficient does not depend on measurement height. 

However, the C2 coefficient has a slope, and the steepness of the slope 
depends on the structure of the foam. For XPE, both coefficients depend 
on measurement height, but there is no significant difference between 
the slopes (Fig. 6). 

4.1.2.2. Multiple linear regression. The 3x4 design of this experiment 
allows us to use a model to describe the main effects, interactions, and 
higher-order effects of the test parameters. For example, the coefficients 
of the cushion curve could be written with a complicated polynomial 
relationship: 

Ck(h, ρ)=α+ β1,0 • h+ β0,1 • ρ+ β1.1 • h • ρ+ β2.0 • h2 + β0,2 • ρ2 +… + ε
(12)  

where Ck is the kth coefficient of the cushion curve, α is the intercept, βi,j 
are the model parameters where i and j show the power of height and 
density, respectively, h is the measurement height, ρ is the measured 
density of the foam, and ε is the error. 

Several different static loads must be applied with repeated impact 
tests for a single cushion curve. Therefore, our experiment does not 
include replicates, in which case there will be no error term for the 
analysis of fitting. Usually, the second and higher-order terms (and in-
teractions) can generally be left out of the model in practical engineer-
ing. A general linear F-test was used to ensure that this assumption was 
correct. The F-test compares two models, one called the "full" model and 
one called the "reduced" model. The statistic is based on the error of each 
model and the degree of freedom of the models (13). 

F(dfred − dffull),dffull
=

(
SSEred − SSEfull

)/(
dfred − dffull

)

SSEfull
/

dffull
(13)  

where F is the F-statistic, dffull is the degree of freedom of the full model, 
dfred is the degree of freedom of the reduced model, SSEfull is the sum of 
the squared errors of the full model, and SSEred is the sum of the squared 
errors of the reduced model. The test’s null hypothesis is that a phe-
nomenon can be described by the reduced model instead of the full 
model. This approach can be used to check complex conditions, such as 
whether all third-degree terms are negligible. 

This test was used to compare the full model with the reduced model, 
which in this case, consisted only of first-order terms without interaction 
terms (14). In each case, a simpler model proved more useful; in some 
cases, even more terms could be left out (see Table 3). 

Table 2 
Models extracted from ANCOVA.  

EVA XPE 

C1 = (702.85 + μj)+ ε C1 = (373.52 + μj)+ 0.37 • h+ ε 
μj = { − 382.18; − 36.10; 123.41;

294.88}
μj = { − 129.97; − 57.29; − 12.55;
199.81}

C2 = (0.0062 + μj)+ (5.6 • 10− 5 + βj)

•h+ ε 
C2 = (0.012 + μj)+ 5.9 • 10− 5 • h+ ε 

μj = {0.0057; − 0.00037; − 0.002; −
0.0033}

μj = {0.0078; 0.0014; 0.0006; −
0.0097}

βj = {3.1; − 0.17; − 1.3; − 1.6} • 10− 5   

Fig. 6. Models of coefficients C1 (a) and C2 (b) for EVA; models of C 1 (c) and C2 (d) coefficients for XPE.  
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Ck(h, ρ)= α+ β1 • h+ β2 • ρ + ε (14) 

After fitting the reduced model (14), if the t-statistic of parameters 
showed more than one non-significant parameter, we used the general 
linear F-test to check the compound hypothesis. Table 3 shows the result 
for each material and cushion curve coefficient. 

It is clear that the C1 coefficient of EVA only depends on the density 
of the foam, and the effect of measurement height is negligible (see 
Fig. 7). Both approaches showed this phenomenon. In contrast, the C1 
coefficient of XPE depends on both measurement height and foam 
density. 

The differences between the C1 coefficients of the two foam types can 
be explained with their different material response. Generally, a higher 
C1 value means higher reaction force regardless of the magnitude of the 
static load. As microcellular foams are more resistant to loads [28–30], 
we assume that the stress–strain response of the EVA foams in the 
investigated impact energy range varies in the plateau region, so only 
slight differences appear in the peak force when drop height is modified. 
In contrast, the impact response of the XPE foams reached the densifi-
cation zone [4], which explains the significant changes in the reaction 
force when drop height was increased. 

The results of both modeling types were determined by averaging 
from the 2nd–5th drops as stated in the ASTM D1596-97 standard. 

However, it is possible that the foam’s cell structure deformed irre-
versibly even after the first drop. This phenomenon could result in a 
worse fitting and a significant change in the cushion curve coefficients. 
Therefore we also investigated the fitting coefficients from the 1st 
measurement, where both analyses gave the same type of results for 
each material. 

4.2. Predicting the cushion curve for unknown foam thicknesses 

Following the determination of the cushion curves for the 40 mm 
foam thicknesses, the experimental data were compared with the curves 
calculated from the curves of the 50 mm thick foams with the method 
described in Section 3.2.1. Prediction was obtained from the cushion 
curves for all three drop heights, the results of which, in comparison 
with the measured data, are shown for XPE030 and EVA150 samples in 
Fig. 8. 

XPE030 had the worst, while EVA150 had the best match between 
the measured and calculated data. The accuracy of prediction for the 
other samples fell between these two. In the first half of the curves, the 
calculated and measured points run together regardless of the drop 
height data used for the calculation. However, above a given static load, 
the calculation is inaccurate and the difference between the measured 
and calculated values increases steadily. Calculation with a higher drop 
height series further increases this deviation. This tendency can be 
related to the degree of irreversible deformation, as the calculation can 
only follow the measured data up to the static load value, where per-
manent deformation occurs in the material structure. Above this limit, 
the curves determined from measurements at 200 mm, 400 mm, and 
600 mm drop heights differ because increasing the impact velocity also 
increases the damage, thus reducing the accuracy of the calculation. It 

Table 3 
Linear models of the coefficients of cushion curves.  

EVA XPE 

C1 = 6.63 • ρ+ ε C1 = 0.32 • h+ 8.2 • ρ+ ε 
C2 = 0.037+ 5.6 • 10− 5 • h − 2.9 •

10− 4 • ρ+ ε 
C2 = 0.033+ 6.3 • 10− 5 • h − 4.5 •

10− 4 • ρ+ ε  

Fig. 7. Multiple linear regression of the C1 (a) and C2 (b) coefficients for EVA; the multiple linear regression of the C1 (c) and C2 (d) coefficients for XPE, residuals 
illustrated with red lines. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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can be concluded that the calculation cannot take into account irre-
versible deformation, so the applicability of Burgess’ method depends 
on the foam’s resistance to the load. 

As density increases, the range of static load where the calculation is 
still accurate widens, as the structural failure of a higher density foam 
requires higher impact energy. For EVA foams of increasing density (see 
Table 1), the upper static load limit for accurate prediction was 
approximately 30, 50, 70 and 100 kPa, while for XPE foams, this limit 
was around 20, 25, 30 and 45 kPa. 

The 3D images of the impact-tested samples also validated our the-
ory. The calculation gave the most inaccurate results for the XPE030 
foam, as this sample proved to be the least resistant to impact loading 
(Fig. 9). In contrast, the EVA150 foam was the one where the calculated 
results can be used over the widest range of static load, as it suffered only 
minor permanent deformation even at 103 kPa. 

The highest deformed volume appeared to be 28.3 cm3 for the 
XPE030 sample, while in contrast, the least deformed EVA150 only 
showed 3.1 cm3 of permanent deformation. The deformation of the 
other samples was between these two values and decreased in propor-
tion to density. Increasing foam density can generally be assumed by 
smaller cells and thicker cell walls (see Section 2) usually result in higher 
foam density, which produces a higher stress plateau in the stress–strain 
curve [4]. Therefore, higher density foams absorb more energy until the 
start of the densification zone [4], which explains the smaller deformed 
volume in our case. 

5. Conclusions 

This study demonstrates a new approach to determining the cushion 
curves of polymeric foam packaging materials. We performed several 
drop test series on 30–70 kg/m3 density cross-linked polyethylene and 
50–150 kg/m3 density ethylene-vinyl-acetate foams using increasing 
drop weights at three different drop heights. We investigated the rela-
tionship between peak force and the static load, and used it to define a 
general equation for cushion curves, which correctly describes material 
behavior outside the measurement range as well. The fitted equations 
demonstrated well the deformation response of the foam structures to 
increasing energy impacts, which explains the typical U shape of the 
curves. Then, we analyzed the effect of foam density and drop height on 
the constants describing the curves, using multiple linear regression and 
covariance analysis. Both approaches revealed the same differences 
between the impact behaviors of the two foam materials. The width of 
the safe static load range (C2 constant), where the peak acceleration is 
low and the foam provides adequate protection, was affected by drop 
height and foam density regardless of foam type. In contrast, the 
dependence of coefficient C1 on drop height and density, which mainly 
affects peak acceleration, differed for the two materials. As the micro-
cellular EVA foams are more resistant to load, the magnitude of the peak 
force only depended on density, and the effect of drop height was 
negligible. However, both measurement height and foam density 
increased the peak values for the softer macrocellular XPE foams. 

Fig. 8. Cushion curves of the 40 mm thick XPE030 (a) and EVA150 (b) foams 
measured with a drop height of 400 mm and calculated from data series of 
different drop heights. 

Fig. 9. 3D scanned image of the XPE030 (a) and EVA150 (b) samples showing 
the magnitude of irreversible deformation after impact testing at a static load of 
103 kPa. 

M. Tomin et al.                                                                                                                                                                                                                                  



Polymer Testing 117 (2023) 107837

9

In the second part of the study, we investigated the limitations of 
using the approach of Burgess [23] for the calculation of the cushion 
curve. With this method, we can calculate the curves for any drop height 
and foam thickness based on the points of an already measured cushion 
curve. The comparison of the calculated and experimental data showed 
that the method only gives good agreement for lower static loads, and 
the limit of applicability highly depends on foam density. The 3D images 
of the tested samples proved that with increasing static loads and drop 
heights, the higher impact energy causes permanent deformation in the 
foam structure. We concluded that the calculation could not take into 
account the irreversible deformation, so the applicability of the method 
depends on the foam’s resistance to the load. 

Combining the results of the first and second parts of our study, we 
can now determine the cushion curves of XPE and EVA foams using 
Equation (9) and Table 3. With this method, we are able to calculate the 
cushion curves without any drop tests in the given static load range. In 
the past, the biggest drawback of the cushion curves was that it took 
hundreds of tests to calculate them. Now our study will allow the use of 
cushion curves to become more widespread in engineering applications. 
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