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ABSTRACT

The compressive creep and recovery of foam earplugs was studied at various 

applied stresses leading to different fi nal creep strains. Deformation was 

determined from digital videos of the earplugs via image processing software. 

Creep could not be modeled by a single exponential in time; creep approximated 

a power law in time. Nonlinear viscoelasticity was observed: creep compliance 

depends on stress level. Nevertheless, for strain as high as 24%, recovery follows 

creep. Recovery does not follow creep at 70% strain. Recovery proceeds to 

completion given enough time. 

1. INTRODUCTION

Polymeric cellular solids, by virtue of the polymeric solid phase, exhibit 
viscoelastic response. If the solid (neat resin) properties are known and 
deformation is in the linear range, the foam properties can be calculated via 
the correspondence principle(1). However, cellular polymers can undergo 
nonlinear deformation. While the nonlinearity of the stress strain curve(2) is 
reasonably well characterized and well understood, the nonlinear viscoelastic 
response is not so well developed. During a compression test of open cell 
foam, bending of the ribs occur for strains up to 5%. For strain greater than 
5%, the ribs begin to buckle. In this region, the effective compressive modulus 
is lowered since buckling gives rise to a plateau region as the foam deforms 
progressively under a constant stress. At suffi ciently high compression, the 
ribs come in contact, the foam densifi es, and there is an increase in stiffness. 
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There may also be frictional contact between ribs. In general, below 5% strain 
foam behaves in a linear viscoelastic manner. For larger deformations, foam 
begins to exhibit nonlinearity. For some applications such as earplugs or knee 
pads, viscoelasticity is essential to the function of the foam. 

In a foam earplug, creep behavior is benefi cial. The earplug consists of an 
energy absorbing open cell foam material that is very soft statically, but 
stiff dynamically, especially in the frequency range of sound waves between 
15 Hz and 15 kHz(3). It is designed to be easily fi tted into the ear by controlled 
viscoelasticity of the polymer. It attenuates sound entering the ear, protecting 
the ear from damage. According to the US patent(4) of the Classic AEREO safety 
earplug foams, the compressed plugs recover from 60% to 40% compression in 
about 2 – 20 s giving the user enough time to insert it into the ear. The earplugs 
subsequently attempt to recover their original shape thereby conforming to 
the structure of the ear canal. Foam earplugs are most commonly made of 
foamed PVC (poly vinyl chloride). Viscoelastic behavior is governed by an 
organic plasticizer (aromatic polyester plasticizer and epoxidized soya bean 
oil stabilizer/plasticizer). In the open cell foam of the earplug, the air phase 
contributes to stiffness at short time scales. The air does not provide stiffness 
at long time since it is free to escape through the pores, given enough time. 
Under a steady load, the air diffuses through the cell walls as the earplug 
compresses giving rise to creep. Stress induced diffusion of air therefore may 
play a role in the viscoelastic response. Normal use of the earplug entails 
nonlinear deformation since the user may roll a 13 mm diameter plug down 
to 5 mm or less in diameter before inserting it into the ear canal. The foam 
then expands to fi ll the ear canal, thereby damping noise. 

Viscoelastic solids exhibit time dependent behavior which is seen in the strain 
response to step stress as ‘creep’. For viscoelastic solid samples, the strain 
increases to an asymptotic value. If the stress is removed, the viscoelastic solid 
follows a delayed recovery path.

The input stress for a creep – recovery protocol is a step up followed by a step 
down, with H(t) as the Heaviside step function:

 σ(t) = σ
0
[H(t) – H(t – t

1
)]  (1)

For a linear material, the strain is, from the Boltzmann Superposition Principle, 
with J(t) as the creep compliance:

 ε(t) = σ
0
[J(t) – J(t – t

1
)]  (2)

The strain response for time greater than t
1
 is known as recovery. 
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The creep compliance J(t, σ), allowing for stress dependence which entails a 
form of nonlinearity, is defi ned as the ratio of strain to stress:

 J(t, σ ) = ε(t, σ)/σ
0
  (3)

If the material is linear, the creep compliance is independent of stress so J(t, 
σ) = J(t).

To analyze recovery, the creep curve is fi tted with a function, commonly 
logarithmic or power law, to predict recovery based on Eq. (2). Recovery which 
obeys Eq. (2), corresponding to a superposition of a delayed and inverted creep 
curve, is said to “follow creep”. Recovery follows creep in linearly viscoelastic 
materials; also in materials in which the nonlinearity is separable from the 
time dependence: J(t, σ) = J(t) f(σ). Such a separable form is referred to as 
quasi-linear viscoelasticity (QLV). 

Nonlinear viscoelasticity theory has been well developed, particularly for 
application to solid polymers(5,6). Foam materials exhibit nonlinearity in 
volumetric compression used to determine the bulk modulus(7). Nonlinear 
viscoelasticity can be described by multiple integral formulations which are 
highly demanding in terms of experimental input to determine material property 
functions. In particular, multiple step deformation histories are required to 
determine the kernel functions in the integrals. Some simplifi cations to single 
integrals are known(8,9). For recovery to zero stress, strain recovery will follow 
creep in a linear material but may not follow creep in a nonlinear material. 

In the present study, nonlinear viscoelasticity of earplug foam is studied in 
the context of stress-dependence of the creep compliance, and the relationship 
between creep and recovery. 

2. MATERIALS AND METHODS

As for materials, foam earplugs (“Classic”) from AO Safety referred to above 
were used for all experiments. Figure 1 shows a magnifi ed image of the foam. 
The average diameter was 13.4 mm, the average height 19.2 mm, and the 
(calculated) density was 0.108 g/cm3. 

Foam earplugs were tested at ambient temperature 72 °F in compression via 
dead weight load that was suspended below the sample with a wire passing 
through the earplug. This prevented buckling, but required that a 3/32 inch 
(2.4 mm) hole be drilled through the center of the earplug. During drilling the 
earplugs were laterally constrained to ensure the hole was vertical. The sample 
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dimensions were measured after allowing the earplug to recover from the 
stress applied during drilling. A steel music wire of 0.02” (0.5 mm) diameter 
certifi ed by standard ASTM-A-228/A, was threaded through the hole so that 
an attached aluminum plate rested on the foam earplug. Loads of 20, 25, 30, 
50, 60, 80, 132, and 313 grams were hung from the wire causing compression 
of the earplug by pulling down on the plate. The samples were placed onto 
a metal stand with space underneath to place and remove the weights. At the 
loads used, defl ection in the steel wire and aluminum plate are negligible, 
therefore all seen defl ections are only due to creep in the earplug. Figure 2 
depicts an image of the experimental setup. 

To study the recovery in the linear and nonlinear range, the weights were 
rapidly removed at strains of 3%, 5%, 9%, 24%, 33%, 70%, and 78%. In order 
to reach the higher strains and keep the displacements in the camera fi eld of 
view, the samples were cut using a fi ne scalpel. The shorter samples require 
less displacement to obtain high strains. The displacements were captured 
digitally by obtaining a screen capture video with Rendersoft “Cam Studio” 
v2.0 software of the image obtained by a Pixelink camera model # PL-A662. 
During the loading and unloading steps in most experiments the video was 
set to capture 2 frames/second, otherwise 1 frame every 10 or 300 seconds 
was used. For some experiments to delineate the short time region, a rate of 
10 frames per second was used. An image magnifi cation of 2.75x from two 
lenses in series was used; a LUPlan 5 x .0.15 Nikon lens combined with a 0.55x 
DS TV Nikon Lens. For the larger strains, 30% and 70%, an additional concave 
lens of focal length –60 mm was placed between the foam and the objective to 
increase fi eld of view from 1.6 mm to 2.2 mm. Videos were created by using 

Figure 1. Image of the earplug foam. Scale bar: 0.5 mm
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Cam Studio software to make an image capture of the PixeLink preview screen. 
The image obtained by Cam Studio was calibrated taking a short video of a 
calibration slide and measuring the number of pixels corresponding to 0.1 mm 
distance using ImageJ software v1.37. The videos were divided into multiple 
sections using VirtualDub v1.7.6 software and then individual frames were 
extracted using IrfranView v3.95. The displacements were measured using 
ImageJ software. 

A displacement value for zero strain was measured from the unloaded earplug 
in reference to the camera view. This value was subtracted to determine the 
actual displacement in the earplug for all other measurements. The experimental 
compliance was calculated using Eq. (3), and a logarithmic or power curve fi tting 
was done to determine the predicted creep and recovery strain via Eq. (2). 

Figure 2. Experimental setup. The dead weight is placed below the earplug 
to provide stability with respect to buckling. The foam earplug is placed on a 
platform with a hole to accommodate a wire supporting the dead weight
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3. RESULTS AND DISCUSSION

Many tests were performed at small stresses giving rise to about 5% strain in 
anticipation of nonlinear recovery at that threshold. For stresses of 1.5 kPa 
to 2 kPa, creep approximated a power law in time, tn, with n from 0.16 to 
0.25. The effective compressive modulus at 10 seconds was about 100 kPa. 
Different earplugs exhibited similar, but not identical, creep. Creep strain 
curves for different stresses are shown in Figure 3a. As strain approaches the 
densifi cation region, creep tends to level off. Such behaviour is in contrast to 
that seen in polycrystalline materials such as metals at high temperature, in 
which increased stress gives rise to accelerating tertiary creep that can end in 
rupture. The corresponding creep compliance curves are shown in Figure 3b. 
Compliance increases with the applied stress, and also becomes more dependent 
on stress at the larger stresses and at longer times. The shape of each creep 
curve, not just the magnitude, depends on stress. Therefore the foam material 
is nonlinearly viscoelastic and does not obey a quasi-linear viscoelastic model 
(QLV). There are different responses for two pieces cut from the same sample 
and subject to a stress of 22 kPa. This shows the heterogeneity of the earplug 
foam. Figure 3c displays the strain recovery curves; full recovery to zero 
occurs even in specimens deformed to large strain.

Figure 3a. Creep strain vs. time for various stresses
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Figure 3b. Creep compliance vs. time for various stresses. Shown for comparison 
is creep according to a single exponential model

Figure 3c. Summary of results for recovery following creep
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As for comparison of recovery with creep, results of a creep test done with a 
4.1  KPa stress reaching approximately 9% strain are shown in Figures 4a and 4b. 
The test lasted 1338 seconds, of which creep took 5.9 seconds and the recovered 
strain reached 0.01%. The extrapolated creep was calculated from the experimental 
compliance using a logarithmic curve fi t. Figure 4a shows the extrapolated creep 
and the experimental data. The predicted and the measured recovery for the test 
depicted in Figure 4b show that the recovery follows creep.

Figure 4a. Experimental creep at a stress 4.1 kPa and recovery (5.9s), and 
extrapolated creep for a sample taken to 9% strain

Figure 4b. Experimental and predicted (via a logarithmic fi t) strain recovery for 
sample taken to 9% strain at a stress 4.1 kPa. Recovery follows creep
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Figures 5a and b show the creep and recovery response during a test in which 
a sample was subject to 5.7 kPa stress for 12,785 s reaching almost 24% strain. 
Figure 5a shows the experimental creep and recovery, and the extrapolated 
creep that was obtained using a power fi t of the compliance data. For the strain 
achieved in this test, recovery follows creep as shown in Figure 5b. The sample 

Figure 5a. Experimental creep and recovery, and extrapolated prediction of creep 
for sample taken to 24% strain at a stress 5.72 kPa. The black line shows time 
at which load was removed (12,785s)

Figure 5b. Experimental and predicted (via a power law fi t) strain recovery for 
sample taken to 24% strain at a stress 5.72 kPa. Recovery follows creep
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used for the previous test was retested at a higher stress after letting it recover 
for several days. A stress of 9.5 kPa was applied for 208 s, resulting in a fi nal 
strain of 33%. The creep and recovery strain, as well as the predicted strain 
calculated using a logarithmic curve fi t are shown in Figure 6a. Figure 6b 
displays the predicted and experimental recovered strain. There is a slight gap 
between these curves; recovery is slightly slower than creep.

Figure 6a. Experimental creep and recovery, and extrapolated prediction of creep 
for sample taken to 33% strain at a stress 9.52 kPa. The black line shows time 
at which load was removed (208s)

Figure 6b. Experimental and predicted (via a logarithmic fi t of creep) strain recovery 
for a sample taken to 33% strain at a stress 9.52 kPa. Recovery follows creep
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The sample was cut to produce shorter cylinders so that displacement associated 
with large strain could be accommodated by the camera. The role of Poisson’s 
ratio in deformation of such samples was considered unimportant since the 
Poisson’s ratio tended to zero at large strain in compression. Both pieces were 
tested with a load of 313 g. The actual stresses for both samples were 22.5 kPa 
and 22.1 kPa due to a slight difference in the foam diameter. Figure 7a shows 
the experimental creep and recovery for the 22.5 kPa stress, which was applied 
for 147 s. For the predicted creep strain a logarithmic fi t was used. The predicted 
and experimental recovery plotted in Figure 7b show a non-linear behavior 
in which the recovery does not follow creep. Similar results were obtained in 
the test of the second sample.

As for the role of stress-induced air-fl ow in the open cell foam, creep due to 
such a mechanism(10) predominantly follows a single exponential over a range 
of time; such effects are known in foams(11). Most of the creep due to a single 
exponential is complete within one logarithmic decade (a factor of ten) of the 
time scale as shown in Figure 3b as J(t) = 10 (MPa-1) (1 – 0.5e-t/100s). Since 
the creep in Figure 3 occurs over at least four decades of time, the primary 
cause cannot be stress-induced air-fl ow or any other process which gives rise 

Figure 7a. Experimental creep and recovery, and extrapolated prediction of creep 
for sample taken to 78% strain at a stress 22.5 kPa. Load was removed at 147 s. 
A logarithmic function was used to fi t creep
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Figure 7b. Experimental and predicted strain recovery for sample taken to 78% 
strain at a stress 22.5 kPa. Recovery does not follow creep

to a single exponential. The earplug foam does not have a single recovery time 
as suggested in the patent. Moreover, air at atmospheric pressure (100 kPa) 
contributes a short term Young’s modulus on the order 100 kPa. For the earplug 
foam, the effective modulus attains such a value after a few seconds of creep. 
This means stress-induced air fl ow may play a substantive role in the creep 
for time less than ten seconds, but that the longer term creep is attributed to 
molecular mobility in the polymer of which the foam is made.

The creep compliance depends on stress level, so the earplug foam is nonlinearly 
viscoelastic. Nonlinearity in the strain range 5% to 50%, in common with the 
nonlinear stress – strain characteristics of foam, is attributed to buckling of 
the cell ribs. In this region, recovery follows creep in spite of the nonlinearity. 
The recovery behaviour is to be understood in the context of the fact that 
the rib strain in foam is much less than the macroscopic strain, and the fact 
that the elastomer used in the foam can reversibly undergo substantial strain. 
Leveling off of the creep at the highest strain is attributed to densifi cation in 
which cell ribs come into contact. In this region, making contact is not to be 
expected to be symmetric with breaking contact, hence recovery proceeding 
more slowly than creep. 
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4. CONCLUSIONS

Earplug foam is nonlinearly viscoelastic: creep compliance increases with stress 
for strains greater than 10%. Recovery follows creep for strain as large as 24% and 
proceeds to completion. At 70% strain, recovery does not follow creep, in contrast 
to the prediction based on linear or quasilinear viscoelasticity. Full recovery 
occurs after suffi cient time even following deformation at 70% strain. 
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