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Most of the shipped products are sensitive against shock and vibration
events during the distribution. Various cushioning materials are usually
used to prevent the product damages. During the design process the
protective packaging system is developed by the engineers based on the
cushion and vibration transmissibility features (ie. cushion curve) of the
material used. However, after the assembly of the packaged-product, these
are stored for various long periods in warehouse. During this time the
products pre-load the cushioning material and its parameters can be
changed. The main goal of this study is to evaluate the vibration
transmissibility of PE and XPE cushioning material at varied storage (pre-
loaded) time and static load conditions. Four different kinds of duration (1
hour, 10 hours, 100 hours and 1000 hours) were used for the pre-loading
period at three different static loads (3.488 kPa, 4.651 kPa, and 6.976
kPa), and then at 0.5 oct/min sine sweep vibration the peak frequencies of
response and vibration transmissibility, and damping ratio were
determined. The results show that the effect of pre-loading is minimal by
PE material, but can influence the resonance frequencies by XPE
cushioning material. The findings of this study help the packaging
engineers to understand better the mechanism of these cushioning

materials and to design suitable protective packaging systems.

Keywords): pre-loading, XPE (cross-linked polyethylene); PE
(polyethylene),; packaging, vibration transmissibility

1. INTRODUCTION

Vibration and shock may cause significant product
damage during shipping of packaged products. Pac—
kaging systems are designed and developed to reduce
and avoid these hazards. One of the primary hazards is
the resonance, which has the potential to damage the
product or the critical elements of the product due to the
repetitive application of impacts. Therefore, the com—
plete understanding of the shipping environment and the
response of the cushioning material to this environment
is required.

In general, the cushioning material in any packaging
system gives a necessary isolation between the pac—
kaged item and the container. This can be modelled as a
critical element attached to the product by a spring and a
damper (Figure la and 1b). This protection element in
the packaging system is known as a package cushion
and usually is applied using plastic foams [1,2]. The
usual packaging material is for cushioning a kind of
lightweight, inexpensive material and holds a high
strength-to-weight ratio and stiffness-to-weight ratio
that has favourable cushioning -characteristics and
vibration transmissibility. These materials usually are
plastic foam and paper packaging and have been widely
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applied in secondary (master) and tertiary (trans—
portation) packaging to protect products such as medical
or electronic devices and instruments, or fragile
products, etc. [3-5]. Foams are also applied by other
industries; these materials have significant effect on the
ride comfort in the vehicle seats [6-9].

CRITICAL
ELEMENT

Critical Element

Container

Cushion

PRODUCT

Figure 1a, b. The conceptual structure of packaging system
using cushion material

After the packing process, the packaged-product is
usually stored for a while before it will be shipped to the
temporary or final destination. During this storage the
mechanical properties of the cushion material can be
influenced due to the static load of the product.

Previous research on PE materials cushioning
characteristics focused mainly on the shock absorption
properties [10], compression stress properties [11], and
determining stress-energy based cushion curves [11-14].
Ref 14 and ref 15 also observed the temperature effect
on the vibration transmissibility properties. Two research
studied vibration transmissibility for packaging cushion
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using sine sweep, but not for PE foams, instead it used
experimental paperboard materials [3, 16].The mecha—
nical properties of cushion material were evaluated in
both static and impact loading conditions by several
authors [17-19]. The resonance behavior of cushioning
materials was studied and mathematical models were
developed by Parker and Batt [20, 21].

However, the authors of this paper could not find
any published laboratory cushioning research that mea—
sures and analyzes the vibration transmissibility and
damping ratios of PE or XPE for packaging cushion
with various pre-loading conditions. Therefore, this pa—
per presents new measured and analyzed data that can
help packaging engineers to gain a better understanding
of the characteristics of these materials and for desig—
ning appropriate protective packaging for sensitive
goods.

The final goal of this study is to present the effect of
pre-compression or pre-loading on cushioning features
of foams to the critical frequency bands and damping
ratios of PE and XPE cushion materials beside real
circumstances as preloading. This paper also analyzes
the effect of the pre-compression period and gives
relevant information for varied static loads along them.
This new data can be a useful technical support for
packaging engineers in packaging design.

In the remainder of the paper first an overview of the
materials and test methods are presented (Section 2),
then the details of pre-compression of the samples are
shown, as well as the applied testing equipment and
static loads. Methods for determination of vibration
transmissibility and estimation of damping ratios are
also presented in this section. In Section 3 the results are
provided and compared with the result of previous
studies. This section also discusses the implications of
the result in the package design process. Section 4
provides concluding remarks and future directions of
the study.

2. MATERIALS AND METHOD
2.1 Experimental materials

Two types of PEs and one type of XPE closed-cell
foams were used for this study.

Figure 2. Foams used for this study, 1) XPE 30, 2) PE 25
and 3) PE30
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Figure 2 shows the samples. The densities of PE
foams were 25.25 kg/m® (PE25) and 30.12 kg/m’
(PE30), and with a density of 29.55 kg/m’ for XPE
foam. The samples were cut into blocks with
dimensions of 150 mm x 150 mm x 20 mm (length x
width x thickness) by Green Packaging Ltd (supplier).
The microscope images (N=1x) of the microstructure of
the investigated foam materials can be seen in Figure 3.

Figure 3. Scanning electron microscope images of the
foams of this study, 1) XPE, 2) PE 25 and 3) PE 30

2.2 Method for pre-loading

Before each test, the test samples were pre-compressed
for 1, 10, 100 and 1000 hours with different static loads
at 200 temperature and this temperature condition was
maintained during the entire measurement process. The
static loads were 3.488 kPa, 4.651 kPa, and 6.976 kPa
by weighted concrete mass blocks. The blocks were
placed to the top of the foam and then a fixture was
clamped to hold the static load in the required centered
position. The same static load was maintained during
the vibration test.

2.3 Method for vibration transmissiblity

The theory of vibration transmissibility for cushioning
material of packages is generally described as the ratio
of the force transmitted to the force applied at different
static loads [22]. Transmissibility is a non-dimension
ratio of output to input vibration of the packaged
product.

Figure 4 shows the test system of this measurement
containing a TIRA TV59355AIT electrodynamic vibra—
tion tester, a VR 9500 vibration testing controller and an
acquisition system with a software VibrationView for
the processing of the measurement. During the
measurements one acceleration sensor controlled the
excitation input at the platform of the vibration head
expander, and another sensor was attached to the mass
block to measure the response acceleration.

The details of the vibration test setup for all
measurements was sine sweep at 0.5 oct/min with an
amplitude of 0.5g (zero-to-peak). The frequency range
was 3 to 300 Hz by fitting to the most common test
standards for transportation simulation of goods,
because the most common and relative high amplitude
vibration can be found at this frequency band.
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The measured acceleration data were analyzed and
presented in the form of vibration transmissibility and
frequency curve. Then, after the series of tests, the
vibration transmissibility and frequency curves at
different static loads were evaluated. The numerical
results for resonance frequency bands, and their values,

Figure 4. The measurement system used in this study (a)
vibration system, (b) climate chamber, (c) concrete block,
(d) test specimen, (e) fixtures and (f) acceleration sensors

2.4 Method for estimation of damping ratio

The transmissibility value (7,) for a linear spring-mass
system with single degree of freedom system with
viscous damping may be calculated from the following
equation using Fourier transform of equation of motion

[23].
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where f; is the forcing frequency [Hz], f, is the natural

frequency [Hz] and ¢ is the damping ratio. When
fr=/f, the damping ratio can be estimated from

Equation (1) [24]
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When 7, >> 1 the damping ratio can be estimated
from Equation (2) [24]

g=— 3

As a summary of this section, the evaluation of the
effects of pre-compression on vibration transmissibility
is the following.

1. Preparation of samples and mass blocks (size,
weight, number)

2. Pre-compression of samples (static load, time)

3. Assembly of test measurement system (fixture,
static stress)

4. Parameter setting for vibration measurement (fre—
quency band; sweep rate; amplitude; frequency range;

5. Calculation and analysis of measured result
(applied equations; units).
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3. RESULTS AND DISCUSSION
3.1 Experimental results

On the pre-compressed cushion materials according to
the test method defined in Section 2, the sine sweep
tests were performed. Frequency ranges and vibration
transmissibilities were measured from vibration tests
directly. Vibration transmissibility and frequency curves
of the tested cushion materials are shown in Figure 5-7.
The curves with different pre-loading duration of PE 25
at static loads 3,488 kPa, 4,651 kPa and 6.976 kPa can
be see in Figure 5. Figure 6 and 7 provide the same for
PE30 and for XPE materials.

The damping ratios were calculated from the
experimental data by Equation (2) and Equation (3).
Both experimental and calculated values can be seen in
Table 1 to Table 3. Each table separately provides the
experimental results of PE25, PE 30 and XPE cushion
materials at different temperatures and at different static
loads such as 3.488 kPa, 4.651 kPa, and 6.976 kPa.

3.2 Findings from the Experimental Results

By comparing and analyzing the experimental results of
vibration transmissibility and frequency curves of the
pre-loaded PE25, PE30 and XPE cushion materials at
different static loads the following observations may be
discussed.

a) The result of PE25 and PE30 show a minimal
influence of the duration of pre-compression to the
transmissibility plots. The maximum changes of the
resonant frequency were 10% at all static loads. The
effect of pre-loading of XPE shows a stronger influence
when compared with PE25 and PE30. The resonant
frequency values were between 80.9064 Hz and
94.6497 Hz at 3.488 kPa, moved from 61.3398 Hz to
79.4268 Hz at 4.651 kPa and changed from 46.078 Hz
to 58.0356 Hz at 6.976 kPa.

b) The duration of static load does not influence the
effect of the static loads value. When the value of the
static load is increased, the value of the resonant
frequency is decreased by all investigated materials at
all static loads and at all durations of pre-loading.

¢) Over 55 Hz the attenuation zone of PE25 was
reached at all pre-loading. This value was 86 Hz and
126 Hz for PE30 and for XPE.

d) 54.9094 Hz was the start point of the attenuation
zone of PE25 at 3.488 kPa for pre-loading of 1, 10 and
1000 hours. This value was 51.4743 Hz for pre-loading
of 100 hours.

e) XPE has the same resonant frequency value
(80.9064 Hz) at 3.488 kPa static load for pre-loading of
10 and 100 hours.

f) The average wvalue of transmissibility was
influenced by the duration of the pre-loading only by
XPE. The deviation from the average was under 5% of
all other materials. The values are summarized in Table
2.
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Figure 5. Vibration transmissibility and frequency curve for (a) PE25 at a static load of 3.488 kPa, for (b) PE25 at a static load of

4.651 kPa, for (c) PE25 at a static load of 6.976 kPa
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Figure 6. Vibration transmissibility and frequency curve for (a) PE30 at a static load of 3.488 kPa, for (b) PE30 at a static load of

4.651 kPa, for (c) PE30 at a static load of 6.976 kPa
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Figure 7. Vibration transmissibility and frequency curve for (a) XPE at a static load of 3.488 kPa, for (b) XPE at a static load of
4.651 kPa, for (c) XPE at a static load of 6.976 kPa

Table 1. Vibration transmissibility and damping ratio of PE25, PE30 and XPE cushion materials

g;lrsisgg Static Fﬁ;?lzznsg Transmissibility Damping Fﬁiﬁ;zngg Trans. Damping Frequency  Trans. Damping
Load load PE 25 of PE25 ratio of PE30 of ratioof ~ Range of of ratio of
hours] kP2 (Ho] PE25 (] PE30  PE30  XPE[Hz] XPE XPE
11.5423 1.1015 1.0828 15.6515  1.1024  1.0778 26.2425  1.1028  1.0744
3.488  34.2955 6.5726 0.0761 49.153 6.0573  0.0825 85.5128  8.0871  0.0618
54.9094 0.9907 75.1482 09514 124.842  0.9681
9.9578 1.1008 1.0864 13.256 1.1002 1.0897 19.8959 1.1022 1.0787
1 4.651 31.5621 7.7097 0.0649 40.8686 6.3715 0.0785 61.3398 8.2944  0.0603
48.7015 0.9704 64.2366  0.9642 98.2090  0.8719
9.77569 1.1006 1.0874 10.8202  1.1009  1.0859 16.5426  1.1023  1.0784
6.976  29.5876 10.0856 0.0496 33.9805  8.1068  0.0617 46.078 6.5385  0.0765
45.2354 0.9537 52.4332  0.9750 76.5482  0.9554
11.3312 1.1026 1.0763 16.3907  1.1006  1.0874 28.2533 1.101 1.0858
3.488 34.6135 6.7413 0.0742 52.9193 6.4451 0.0776 80.9064  4.3367 0.1153
54.9094 0.9943 85.5128 0.9800 106.715 0.9682
10.7208 1.1006 1.0875 132560  1.1003  1.0893 25.0591 1.1010  1.0858
10 4.651  32.1500 7.6240 0.0656 41.6299  6.3560  0.0787 78.6971 43367  0.1153
51.0014 0.9714 64.2366  0.9980 128.3460  0.9682
9.68588 1.1004 1.0886 11.0218  1.1002  1.0902 17.3238  1.1003  1.0894
6.976  30.1388 10.2513 0.0488 35.2583  7.4006  0.0676 58.0356  6.8835  0.0726
46.5053 0.9820 53.9052 0.9833 87.1058 0.9608
11.1240 1.1005 1.0884 155077  1.1020  1.0798 26.0014  1.1044  1.0669
3.488  32.7490 6.5204 0.0767 473716  6.2766  0.0797 80.9064  6.4616  0.0774
51.4743 0.9742 76.5482  0.9764 133.173  0.9714
9.9578 1.1108 1.0340 12.5419  1.1025  1.0770 19.7132  1.1009  1.0858
100 4.651  30.7002 7.3106 0.0684 39.3874  6.1148  0.0818 67.2702  6.4106  0.0780
46.0780 0.9686 61.3398  0.9950 109.71 0.9493
10.0501 1.1036 1.0712 10.4281 1.1002 1.0897 15.6515 1.1002 1.0899
6.976  31.5621 10.5259 0.0475 33.6683  7.6248  0.0656 49.153 6.3935  0.0782
48.7015 0.9845 50.0687  0.9604 80.1632  0.9374
11.5423 1.1004 1.0886 17.8102  1.1017  1.0817 29.0465  1.1022  1.0789
3.488  34.6135 7.0716 0.0707 519515  6.4217  0.0779 94.6497 73796  0.0678
54.9094 0.9714 83.1777 09819 151.54 0.9971
11.3312 1.1061 1.0575 13.3789 1.1035 1.0714 25.0591 1.1049 1.0643
1000 4.651 32.7490 8.7476 0.0572 40.4932 6.0509 0.0826 79.4268 6.5957 0.0758
50.0687 0.9863 60.7763  0.9938 125999  0.9856
13.8820 1.1031 1.0737 11.7573  1.1013  1.0836 17.6466  1.1012  1.0841
6.976  42.0159 10.0053 0.0500 359151  7.5780  0.0660 50.0687  6.5808  0.0760
66.0399 0.9789 554184 09718 81.6565  0.9815
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Table 2. Effect of the duration of pre-loading to the transmissibility

Duration of

Pre — Static load Pe%ak. - Average Pe.ak' - Average Pf%ak. - Average
Loading [kPa] Transmissibility values Transmissibility values Transmissibility values
[h] of PE25 of PE30 of PXPE
1 3.488 6.5726 6.0573 8.0871
1 4.651 7.7097 8.1226 6.3715 6.84524 8.2944 7.6400
1 6.976 10.0856 8.1068 6.5385
10 3.488 6.7413 6.4451 4.3367
10 4.651 7.6240 8.2055 6.3560 6.733889 6.8835 6.1224
10 6.976 10.2513 7.4006 7.1471
100 3.488 6.5204 6.2766 6.4616
100 4.651 7.3106 8.1190 6.1148 6.672063 6.4106 6.4219
100 6.976 10.5260 7.6248 6.3935
1000 3.488 7.0716 6.4217 7.3796
1000 4.651 8.7476 8.6082 6.0509 6.683546 6.5957 6.8520
1000 6.976 10.0053 7.5780 6.58084
8.2638 6.7337 6.7591

4. CONCLUSIONS

Polyethylene is a widely used material for protective
packaging in distribution. This paper provides important
properties of cross-linked and non-cross-linked poly—
ethylene foam relevant to their application after dif-
ferent storage time and offers advice on the cushioning
design of packaging through the measured resonant
frequencies and the calculated damping ratios. The
results show that PE25 and PE30 are less influenced by
the duration of pre-loading compared to XPE. Over 86
Hz for non-cross-linked PE and over 126 Hz for cross-
linked PE the frequency is in the attenuation zone at all
investigated static loads and duration.

The results of this paper provide new information on
cushion materials for PE and XPE foams for packaging
engineers, which can help obtain optimal packaging
solutions that give suitable protection to the products
and can reduce the packaging mass used in practice.
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NOMENCLATURE
T, Transmissibility value
Jr Forcing frequency
Jn Natural frequency
Greek symbols
é Damping ratio

EKCIIEPUMEHTAJIHO TIPOYYABAE
INPEHOCHUBOCTHU BUBPALINJA
IIPU ITPEJOIITEPEREBY XPE U PE
MATEPHUJAJIA 3A AMOPTU3ALINIY U
ITAKOBAIBE

I1. YaBajna, I1. bepen

Behuna nponsBoaa 3a TpaHCIIOPT OCETJBHBA je HA yAAp
u BubOpaumje. Kako ©Oum ce cnpeunmno omreheme
NPOW3BOAA KOPUCTE C€ Pa3HH MaTepujand  3a
aMopTH3alWjy ynaapa u BuOparuja. Y 1mporecy
NPOjeKTOBama CHCTEMa 3a 3alliTUTy [aKoBamba
HHKCHBEPH KOPUCTE MaTepujale ca KapaKTepucTUKaMa
amMopTH3alyje W MPEeHOCHBOCTH BUOpauuja. Mehytum,
MAaKOBaHHU TPOM3BOAU OCTAjy Yy CKIAAMINTY Kpahe wiu
Iy’xKe BpeMme, 300r dera jgomasm 10 mpeponrtepehema
MaTepHjalia 3a aMOpTH3alijy a THME W JO IPOMEHe
BEroBUX Napamerapa. L{wb panma je ma ce W3BpIIH
eBasyaluja npeHocuBoctd BuOpanuja kox XPE u PE
Marepyjana y pasIM4YUTHM YCIOBHMA CKJIaJUIITEHa
(mpemonrtepehema) u cratmukor ontepehema. Y3era cy
4 nmepuona tpajama npexonrepehemma (1, 10, 100 u 1000
catu) 3a Tpu crathuka ontepehema (3488, 4651, 6976
kPa) u norom cy onpehene BpuiHe hpekBeHMje 0131Ba
U TIPEHOCHUBOCT BHOpalMja, Ka0 U OJHOC IPUTYIICHA,
mpu 0,5 ocrt/Min cuHycHe BuOpanuje. Pesynrartu
nmokasyjy nma je yrunaj npeponrtepehema PE
MaTepujalioM MuHUManaH, amu na XPE wmartepujan
MOXE Ja WMa yTHIaja Ha pE30HaHTHE (PpeKBEHIH]eE.
Hanasu nctpaxkuBama cy o moMohn HHXKemepruMa Koju
ce OaBe mpobieMoOM MaKkoBama y 00JBEM pa3yMeBamy
MEXaHU3Ma HaBEeIIEHUX MaTepujaja MU IPOjeKTOBAbY
a/IEKBATHUX 3AIITHTHUX CUCTEMA IIaKOBamba MIPOU3BO/IA.
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