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a  b  s  t  r  a  c  t

Entangled  structures,  such  as  steel  wool,  can  be used  as  inexpensive,  high  cycle,  low  stiffness,  thin  profile
compressive  springs  where  uniform  pressure  on  a surface  is required  particularly  in elevated  temperature
and/or  harsh  environments.  Mechanical  compression  tests  were  performed  on  a variety  of steel  wool  sam-
ples to determine  the  stress–strain  curve  behavior  over  high  cycles.  After  initial  conditioning  cycles,  good
repeatability  can  be obtained  with  hysteresis  dependent  on strain.  The  results  show  a  nonlinear  behavior
over  large  strains  (>10%)  and  reasonable  linear  behavior  for  strains  less  than  10%.  The  properties  of  an
entangled  structure  spring  can  be  selected  to achieve  the  desired  stiffness  for a particular  application.

©  2015  Elsevier  Inc.  All  rights  reserved.

1. Introduction

The mechanics of a random array of interwoven fibers, i.e. entan-
gled wires such as found in steel wool, have been studied for
applications such as damping, isolating, or filtering. In semiconduc-
tor test applications “Fuzz Buttons,” a compacted random array of
wire, have been used as temporary electrical contacts for “low sig-
nal distortion, high frequency, and low insertion force, planarity,
and shock/vibration resistance” [1]. Contact testers made from
micro entangled structures have been used by the semi-conductor
industry to test Through Silicon Via (TSV) and micro-bumps arrays
[2,3]. The characterization of entangled wires is also very important
for micro-electronics, micro fluidics, micro sensors and actuators
that are based on entangled silica nano-wire structures [4]. The
generation of the silica nanowire entangled arrays are grown, and
not created via a mechanical means and they often appear as entan-
gled [4,5]. Entangled structures are also used by the space industry
to isolate instruments or to damp vibrations [6,7].

Entangled structures have also been evaluated as compati-
ble replacements for porous aluminum as they have been shown
to have good toughness and strength [8,9]. Entangled titanium
wire materials (ETWM) and porous titanium foams have been
considered for tissue reconstruction, orthopedic implants, and
bone repairs [10–14]. The challenge for the medical industry
has been to match the mechanical properties of entangled wire
structures to similar mechanical properties of bone which has
been attempted by altering the effective porosity of the structure
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created by the entangled wires [11,14]. While compressive
properties and pseudo-elastic hysteresis behaviors have been char-
acterized for ETWMs, a high cycle analysis of the nonlinear elastic
region of ETWMs  is needed to make the design process more deter-
ministic.

Prior work has shown that entangled structures have a
three-stage stress–strain behavior under compressive loads: (1)
nonlinear elastic deformation, (2) strain-hardening, and (3) den-
sifying [10]. Here we build on this work by studying the higher
cycle compliance of entangled structures under uniaxial compres-
sion for the use as an inexpensive and repeatable low-moderate
stiffness thin profile large contact area spring. This type of spring
has wide application in presses and rectilinear format batteries.
This work also examines the effect of densification on the appar-
ent Young’s modulus for entangled structures for comparison with
existing analytical models. Analogies are made with low density
materials such as foams, composites, and elastomers in order to
help develop modeling tools.

2. Experimental procedures

2.1. Sample characterization

One method for generating an entangled metal wire structure
involves wrapping the wire around a rod to create a loose steel
wire bundle. The unconsolidated deformed wire is placed into a set
of molds where it is compressed and sintered to remove internal
stresses [8,10,15]. Common steel wool, which is much more compli-
ant and inexpensive, is made by shaving small strands from straight
steel wire and consolidating the strands into an entangled struc-
ture using a needle punch machine to generate a mat  of wool. The
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Table  1
Characterization of samples tested.

For cyclic study For densification and cyclic study

Initial size (mm3) 52 × 52 × 8.5 61 × 63 × 36
Mass (g) 5.83 6.14

pads are held together by the entangling nature of the process that
produces a semi-aligned structure with the fibers in the pad.1 Prior
work on characterizing steel wool pads was done in 2006 by Masse
et al.; however, only 60 cycles were used to derive the stress–strain
curve [16]. Their work showed that the stress–density curves had
a power-law relation [16]. In the present work, we  are interested
in the cyclic performance of steel wool as a spring that acts over a
wide area subject to thousands of cycles. Applications include pro-
viding a uniform pressure over the surface of an object as might be
needed in a press or a rectilinear format battery.

To study high cycle behavior, two types of samples were initially
evaluated: coarse (Grade #3) and fine (Grade #0) steel wool with
wire diameters of 90 �m and 25 �m respectively were used. Test
samples were cut from non-sintered steel wool pads.2 The man-
ufacturing method of the wool pad creates an inherent preferred
orientation of a planar cross pattern.

Hydrostatic weighting is typically used for determining the
porosity of a sample [10], in this case the mass of the sample was
measured using an AG204 Delta Range Mettler Toledo scale with
an accuracy of 0.1 mg/1 mg,  at room temperature. The volume of
a sample was measured with calipers accounting for an error of
about 1 mm on each length measurement. The samples were cut
from 7-in. diameter pads into squares as summarized in Table 1.

The objective of the densification experiment was to explore
the repeatability over a range of compression states to determine
effect of density on stiffness. The densification study is done with a
highly porous steel wool sample (Grade 1 – purchased as a 1 pound
bag from McMaster-Carr3) that is incrementally compressed while
testing long term cyclic behavior at each stage. The sample used
for the densification experiment does not contain the planar cross
pattern of the wool pads. The sample is incrementally compressed
until more than fifty percent strain has been achieved. At each state
the sample is not strained more than ten percent at any given time.

2.2. Testing procedure

The stress–strain behavior of the samples was  performed using
an Admet testing machine (Model 5601QP2 – Serial 0611091
eXpert) with an Interference load cell, rated to 120 N (Serial #
708336). As shown in Fig. 1, the experimental setup consists of
a base support with a pocket region for the samples that prevents
horizontal shifting of the sample during the cycling process. A com-
pressive plate provides an even load, measured by the load cell,
across the sample. The testing machine is controlled by a pro-
grammed displacement cycle.

2.3. Cyclic testing

The preliminary tests, shown in Fig. 2, show the loading for a
fine and course sample with ∼97.7% porosity. The fine steel wool
sample has a stiffer stress–strain response compared to the coarse
sample, due to the limitation of the strain gauge only the course
sample is tested extensively over a wider range of strains. The tests

1 See for example http://www.youtube.com/watch?v=iaDzLP3TT I.
2 Manufacturer of Wool pads: International Steel Wool Inc. (http://

steelwooldirect.com/) for the 7 inch Tex-Wool floor pads grade 0 and 3.
3 Grade 1 Steel wool – 1 pound bag from McMaster-Carr Item Number 7363T24.

show a settling/shifting effect in the stress–strain curve over first
100 cycles in the non-linear elastic region. Van Wyk  alluded to this
shifting effect in his 1964 paper: “the curve shifts with each succes-
sive cycle of compression and release, but finally attains a steady
position” [17]. After the initial settling the data was repeatable. The
discrepancy is attributed to the initial settling and distortion of
the entangled structure in the process toward reaching stability.
A 1000 cycle run was  thus used to remove any long term settling of
the samples. As a check, a low stiffness coil spring was substituted
for the sample to ensure that testing machine was operating as
expected, and the result confirmed the observation of the entangled
structure behavior.

The coarse sample was cycled on the testing machine at a fre-
quency of 0.5 Hz and at a constant strain rate of 24%, 2 mm/sec over
a sample height of 8.5 mm.  The fine sample was also cycled at a
0.5 Hz, but with a smaller strain rate as the stiffness was higher
than the coarse sample. The densification sample was also tested
at a constant strain rate with sample thickness starting from 36 mm
and decreasing to 22 mm by 2 mm increments. For the initial data
set the steel wool is cycled from 36 mm down to 34 mm.  The first
thousand cycles are discarded from the data, to establish the steady
state behavior. An additional two thousand cycles are performed
and used to analyze the steady state behavior in that region. With
the completion of the initial data set, the following data set starts
from a 34 mm thickness and is cycled down to 32 mm.  The same
process is carried out to all following data sets until reaching a final
thickness of 22 mm.

3. Results

The data collected from the testing machine is shown in terms
of vertical displacement and the compressive load measured by the
load cell gauge. The data is combined with the geometry and sample
properties to generate engineering stress–strain curves, as shown
in Fig. 3.

3.1. Cyclic testing

The coarse sample was loaded for >11k cycles, with an initial 1k
cycle break-in period for allowing the fibers to settle into a steady
state region. Note that this type of break-in period is also required
for steel cables [18]. As shown in Fig. 4, every two thousand samples,
the loading curve is repeatable and below the initial curve of the
break-in period. The first 1k sample (i.e. break in) was where it
reaches steady state. Then the system was  set to do a 2k run, when
done the same preload was affirmed and then a run was done for
the next 2k sample (i.e. sample 2001 is the first value). Notice that
the break in curve is higher than all of the other curves. Each data
set following the break in consists of 2000 cycles. At the conclusion
of each data set the sample is reset to the starting preload in the
event that drifting in the testing machine took place during cycling.
Only the first data point of each data set is plotted to illustrate
repeatability. After collecting 11k cycles, the average of all the first
data sets was  calculated and plotted. Future work will calculate the
mean and error of all of the data points combined.

3.2. Young’s modulus as densification

The sample used for the densification is a homogeneous uncon-
solidated coarse steel wire wool with a diameter of 90 �m.  The goal
was to demonstrate that a small change in the porosity of the struc-
ture can result in a change in the effective stiffness. The cycle stroke
was set to 2 mm,  which limited the strain from 5.5% (at 36 mm)  to
9.1% (at 22 mm),  to the authors surprise the stiffness was linear
in these regions. Fig. 5 shows the response starting from a 36 mm
thick sample undergoing a minimum of 3000 cycle test, for clarity
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