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Abstract

Auxetic (negative Poisson’s ratio) and gradient open cell foams have shown promise for their
conformability and high impact energy absorption — useful in applications like protective
equipment, footwear and prosthetics. Recent methods fabricated closed cell auxetic foam by
steaming conventional closed cell foam. Methods developed herein control the cell structure
of auxetic closed cell foam, to produce novel intentionally anisotropic and gradient auxetic
closed cell foam. Pins passed through the foam constrained or stretched regions during
steaming to further modify cell structure and impart gradients in cell structure, Young’s
modulus and Poisson’s ratios. Fabricated foams had Poisson’s ratios between 1 and -1.
Imparted Young’s moduli of 1 to 12 MPa were similar to foams used in footwear, prosthesis,
helmets and other impact protection. The effect of changes to cell structure on Young’s moduli
and Poisson’s ratio are explained by combining analytical models of auxetic open cell and

conventional closed cell foam.

Keywords
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1. Introduction

Auxetic foam has a negative Poisson’s ratio (NPR; expanding transversely when stretched
and contracting transversely when compressed) [1]. NPR can increase conformability [2,3],
indentation resistance [4,5], impact energy abortion [6—8], vibration damping [9—11], acoustic
[12—-14] and thermal insulation [15,16] and shear modulus [17,18], while also causing biaxial

expansion and domed curvature [19,20]. Auxetic open cell foams, with established fabrication
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methods [1,21,22], have been proposed and tested for a range of applications, including in
prosthetic devices [19,23], seating [24], footwear [25], vibration limiting gloves for use in
construction [11], crash barriers and pads [24,26], sports helmets [27] and other personal
protective equipment [8,26,28]. Most auxetic foam research focusses on open cell foam with
Young’s modulus below ~0.2 MPa [29,30]. A recent study produced low porosity open cell
foam sheets with planar NPR in tension, and through thickness Young’s moduli up to 25 MPa
[31]. Personal protective equipment generally uses porous closed cell foam, containing trapped
gas or air to increase the stiffness provided by the foam cell structure to between 1 and 20 MPa
[32-34]. Without established methods to fabricate porous auxetic foams with desirable
stiffness, products containing auxetic foams are not common.

Typical auxetic open cell foam fabrications first compress conventional thermo-plastic
open cell foam, buckling cell ribs to impart a re-entrant like cell structure, which is commonly
associated with NPR [1,21,22]. Heating and cooling cycles can then fix the imposed structure
over time, so these fabrications are known as thermo-mechanical fabrications [1,21,35].
Solvents or gases can also be used as softening agents [22,36,37]. Anisotropic auxetic open
cell foams can be made by applying different levels of compression in different directions
[6,31,38]. Thermo-forming with curved moulds can also produce curved auxetic open cell foam
[39]. Thermo-forming recently produced foam sheets with tensile NPR in both planar
directions. The foam was highly compressed through thickness during thermo-forming,
reducing through thickness porosity while imparting Young’s modulus up to 25 MPa and
positive compressive Poisson’s ratio [31].

Gradient foams have different cell structures, Young’s moduli and Poisson’s ratio in
pre-defined regions, and gradients can be discrete or continuous [19,23,40]. During open cell
auxetic gradient foam fabrications, compression can be controlled, and hence varied, by

passing pins through the foam sample, or by using a foam sample with a different shape to the

Page 2



55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

mould [19,23,40]. Applying different compression regimes to different foam regions during
fabrication can produce gradient open cell auxetic foams. Stretching foams in one or more
directions by passing pins through the foam during fabrication produces long, re-entrant cells,
increasing Young’s modulus and the magnitude of positive or negative Poisson’s ratio during
loading parallel to the long cell axis [38,40,41]. Foam in personal protective equipment is often
segmented so it fits the body better than a continuous sheet [42—44], but any reduction or loss
of padding between segments may reduce protection. Varying material properties in running
shoe midsole regions can influence and improve running style [45]. Gradient foams may offer
benefits to personal protective equipment and footwear in terms of how they comfortably
cover, deform with and protect body segments [19,23,40].

Chan and Evans found thermo-mechanical fabrications to rupture closed cell foam
walls during fabrication [21,46]. Fabrication methods for auxetic closed cell foams that do not
rupture cells use hydrostatic compressive pressure applied by a pressure vessel [47], or steam
absorption and condensation [48,49]. Cell structure, Poisson’s ratio and Young’s moduli of
closed cell auxetic foams vary with compression imparted following fabrication, with common
volumetric compression ratios (original/final volume) being between 1.3 and 6.0 [47-49]. Of
the two available options for fabricating closed cell auxetic foam, the steam fabrication method
uses simpler equipment, such as a steam bath or an oven and a water filled container [48,49].
Upon cooling, as the foam shrinks and cell walls become re-entrant, the constituent polymer in
some foams, such as polyethylene, passes through a thermal transition that fixes the imposed
cell structure [48,49]. Absorbed water can, then, evaporate from the foam within a week of
fabrication, leaving a stable auxetic closed cell foam with negligible trapped water [48,49].

Auxetic and conventional closed cell foam characteristics have been explained using
dimensions estimated from two-dimensional (2D) projections of cell structures, based on

microscopic imaging. Analytical models for conventional and auxetic foam consider the
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stretching, flexing and hinging of cell ribs to predict Poisson’s ratios and Young’s moduli
[40,41,50]. No analytical model has been published considering infrequently researched
auxetic closed cell foams. Analytical models for conventional closed cell foams have combined
the effects of gas pressure on cell rib and wall deformation, estimating dimensions and
orientations from 2D cell projections [41,51,52].

Auxetic closed cell foam fabrications that rely solely on pressure differentials offer
limited control over compression [47—49]. As such, before beginning a study fabricating a new
type, size or shape of auxetic closed cell foam, pilot work is needed to find the processing
conditions that give the desired volumetric compression. Gradient or intentionally anisotropic
auxetic closed cell foams have not previously been produced. This work explores two steam
fabrication-based methods to control cell structure modification in different axis and foam
regions. These fabrication methods were: 1) Constraining or stretching foam regions, using
pins, to produce intentionally anisotropic gradient foam, and ii) Preventing steam from
reaching regions of a sample, to produce gradient foam. The effect of these methods and
modifications to cell structure, on Young’s modulus and Poisson’s ratio, are explained by
combining analytical models for open cell auxetic foam [40] and the effect of gas pressure in

closed cell foam [51,52].

2. Methods
2.1. Fabrication
Two sheets (210 x110 x 10 mm) and two cuboids (200 x 20 x 10 mm) of closed cell foam

(Plastazote LD-60, algeos.com), pre-conditioned for a week in an environmental chamber
(20°C and 10% relative humidity), were fabricated by steam processing [48,49]. One sheet of
foam was unconstrained during fabrication. The other sheet was constrained at one end by
twelve steel pins (2 mm) passed through holes in aluminium plates (100 x 100 x 2 mm),

sandwiching but not compressing the foam (Figure 1a). Pins were inserted in each corner and
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along each side of the plates with 33 mm spacing. The central 45 mm of one cuboid (i) was
stretched to 1.5 times its original length, using four pins passed through the foam and an
aluminium box section (surrounding but not touching) to hold the pins apart (2 mm thick walls,
22 x 22 x 65 mm Figure 1b). Foam samples and constraining devices were placed in 250 x 350
x 40 mm aluminium dishes (2 mm thick walls) filled to ~30 mm with water and covered with
aluminium foil [49]. Cuboid (i1) was positioned with half its length inside an aluminium drinks
can (D70 mm, height 100 mm, 1 mm wall thickness), filled to 80% with water, and with a ~15
x 15 mm hole in the top. The foam was passed through the hole in the can, so the upper half
was dry heated during fabrication (Figure 1c).

All containers were heated in an oven (MCP Tooling Technologies LC/CD, +/- 0.25°C) set
to 105°C for 4.5 hours [49]. After steaming, samples and constraining devices were removed
from the containers and cooled for 30 minutes on a drying rack in an air-conditioned laboratory
with an expected temperature of 20 to 25°C and relative humidity of 30 to 60%. Samples began
to shrink upon removal from the water, with shrinking appearing to finish within 1 to 2 minutes.
Constraining devices were then removed, and samples were returned to the environmental
chamber for a week before testing. The order of cutting (Figure 1d), and testing, is shown in
Figure le (tensile tests, then compression tests or micro-ct). Samples were returned to the
environmental chamber between tests. Tests were in the air-conditioned laboratory described

above (20 to 25°C and relative humidity of 30 to 60%).
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Figure 1. a) Sample containing constrained region (note the 5 mm edge surrounding the constrained region); b)
Sample containing stretched region; c) Sample half steamed and half dry heated; d) Example tensile cuboids and
compression (dashed lines) with sample orientations, locations and axis labelling marked; ) Order of sample
preparation. The same orientations and co-ordinate systems were used for all sheets/regions. Y-axis parallel to
sample length, x to width in (b) and (c). White dotted lines in (a) and (c) show water level.

2.2. Characterisation

Mass (Sartorius, M-power) and dimensions (Vernier Calipers) of all samples and
regions were measured before and one week after fabrication, to see if any cells contained
water, which would increase mass, and to measure linear compression ratios in each orthogonal

axis (LCR, final/original length). The partially open cells on the faces of foam samples do not
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shrink during fabrication as they cannot trap steam [48,49]. Therefore, 1 to 2 mm was cut from
the planar edges of converted samples with a utility knife (Stanley) before characterisation.
The top and bottom faces were not removed, as samples were already thin (3 to 5 mm). Three
samples of unconverted foam (100 x 10 x 10 mm), foam from the unconstrained sheet and
from each region of the gradient sheet (~60 x 5 x 5 mm) were cut for tensile tests, with the
utility knife, at 45° increments (Figure 1d). The two cuboids were cut for tensile testing, with
one ~60 X 5 x 5 mm sample taken from each region (three samples in Figures 1b and two in
c¢). The dimensions and mass of the tensile samples were used to calculate final density ratio
(FDR, final/original density).

A speckle pattern was applied to all samples (matt Acrylic spray paint, Halfords) for
full-field strain measurement using 2D digital image correlation (DIC). Tensile tests were at a
strain rate of 0.0033 s™!' to 10% tension on an Instron 3369 with a 500 N load cell sampling at
25 Hz. Samples were clamped ~10 mm from their ends in the jaws of the device, which were
closed to 1 mm, giving gauge lengths of 40 to 80 mm. These cuboidal samples had longer
gauge lengths (>35 mm) and were thinner than the 12 mm sided ‘dog-bone’ samples specified
in ASTM D3574 — 11, to account for end effects [53]. Tensile tests were filmed with a camera
(Figure 2a), with its image plane aligned to a face of the sample (LaVision DIC package, 1260
x 1080 p, 10 fps, Nikon lenses with 100 mm optical zoom). A target area was defined over the
central lengthwise third of samples (Figure 2b & c), giving axial and transverse true strains,
with facet sizes set to give at least three speckles per facet (10 to 15 pixels) [54]. Device jaws
were rotated 90° around the loading axis between tests, with the sample in place, to apply strain
mapping to four faces. Sample cross sectional areas were measured before each test with

Vernier Calipers to allow stress to be calculated.
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Cubes for compression testing (4 to 10 mm sided) were cut from the lengthwise centre
of all tensile samples one day after testing, and dimensions were measured (Figure 1d). These
cubes were smaller than specified in ASTM D3574 — 11 due to the low initial foam thickness
[53]. Three cubes were cut from the stretched region of the gradient cuboid in Figure 1b to
allow repeat testing of the only foam that was stretched during fabrication. Cubes were
compression tested in all three orthogonal axes between platelets using the same equipment
and settings as the tensile tests (Figure 2d & ¢) and a preload of 0.1 N to ensure contact,
corresponding to 0.25 to 0.75% compression. Incremental Poisson’s ratios were calculated by
fitting linear trend lines to transverse vs. axial engineering strain data (from DIC, same system
as tensile tests) at 0.5 or 1% axial strain increments, depending on the number of available data
points for regression fitting. Incremental tangent moduli were calculated in the same way, from

stress vs. axial engineering strain data from Instron’s software Bluehill 4.0’s force and
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displacement, and measured sample dimensions. Young’s moduli were taken as the tangent
moduli at the lowest calculated axial strain (up to 0.5 or 1%).

To see cell shapes, micro-computed tomographic (micro-ct) scans of ~5 X 5 x 20 mm
samples from each region of each type of foam were collected (SkyScan 1172; 360° rotation,
image acquisition every 1.4°, resolution <5 um). Micro-ct data were rendered (SkyScan,
CTVox) and images taken of one cell (~100 to 500 um) deep volumes in each orthogonal axis.
To help compare cell structures, single cell images were processed by removing unconnected
pixels with areas under 2% of the cell using erosion functions (imclose and bwareaeopen) in

MATLAB® 2019a (Mathworks, USA).

2.3. Analytical Modelling

Analytical models based on 2D cell projections [40], and the effect of air pressure based
on analysis of the same polyethylene foam of lower density (LD-24, Zotefoam) [51], were
combined and adapted. The adapted model was used to explain Young’s moduli (Ey and E)
and Poisson’s ratios (vy; and vzy) at 0.75% compression and tension (gy and ¢;). The value of +
0.75% strain was selected as the 2" data point in most Tangent moduli and Poisson’s ratio vs.
strain data. Details of the model for 2D cell projections, taken from previous open cell foam
work [40], are included as Supplementary Material S2, with unitless dimensions relative to the
vertical rib length (h = I, which is diagonal rib length). Some changes to cell dimensions were
made from the previous study [40]. As low cell wall thickness is common in closed cell foams
[41,51], relative rib/wall thickness was halved from 0.2, as used in the previous open cell foam
work [40], to 0.1 (Figure S6). Cell walls were partially constrained by gas pressure; increasing
the relative amount of stretching, rather than flexure and hinging, as discussed elsewhere [51].
With the support from the internal air pressure, rather than reducing the flexure and hinging
constant (kur) for the thinner walls, knr was increased from 0.04 [40] to 0.10 in tension. Cell

walls of unconverted closed cell foam begin to buckle at low (0 to 3%) compression [51]. Since
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many of the converted foams had kinked cell walls from fabrication, buckling was expected to
occur at close to 0% compression, so knrwas reduced three-fold (to 0.03) in compression, which
was an arbitrary amount found to fit the data. Sensitivity to variations in knr are shown in the
supplementary material (Figure S5). The force constants for flexing and hinging were
unchanged from the previous model (0.04 and 0.0044, respectively) [40]. To account for gas

pressure, relative volumetric deformation (Equation 1) was [51,52]:

Eu
& = 1R @

where relative density (R) was the density of polyethylene (~900 kg/m? [51]) divided by the
measured foam density, and &y and &, were volumetric and uniaxial strains, respectively. The

contribution of air pressure (pair) to Young’s modulus (Eair, Equation 2) was [51]:

__ DPair __ Ep*pox(1-2v)

Eair - - 2
Eu Eu

where po was air pressure inside cells before testing, which was assumed to be atmospheric

pressure (100 kPa) [51]. The foam modulus (Ecombined) Was calculated by adding the gas

pressure contribution from Equation (2) and cellular modulus (Ecen) from Equation (S5) [51].

Ecombinea = Epg * Eceut + Eqir 3
where Epg was the Young’s modulus of polyethylene (300 MPa) [51]. Values for Ey and E,
were normalised to Ey from the analytical model at 0% strain and multiplied by the mean of

measured compressive and tensile Ey. The combined Poisson’s ratio (Vcombined) Was:

_ Eqir
Veombined = Vceell + Vfluid * 4)

Etrans—cell
where veen was the cellular Poisson’s ratio contribution (veen, Equation S6), vauida was the
Poisson’s ratio of a fluid (of 0.5) and Eganscet Was the cellular transverse Young’s modulus.
Estimating the effect of trapped gas on Young’s modulus and Poisson’s ratio, rather than
calculating its effect on cell rib deflection, means this analytical model can only show trends

at low strains (< 1%).
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3. Results

3.1 Sample measurements

Foam density increased (from 50.2 + 0.8 kg/m?, mean + standard deviation (S.D.)) for
the steamed samples following fabrication, giving FDRs between ~3 and 4 (Figure 3a).
Density was unchanged (FDR = 1.0) for the dry heated region of foam that was not exposed to
steam (in Figure 1c). Change in mass after a week in ambient conditions, before any other
testing, was negligible (up to 0.3%), indicating any trapped water had evaporated and any
increase in sample density was likely due to a decrease in volume. Unconstrained regions (FDR
between 3.5 and 4.0) shrank more after fabrication than constrained regions (FDR between 3.0

and 3.5).
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Figure 3. a) Final density ratio of samples cut for tensile testing and; b) to d) linear compression ratios measured
from whole processed samples, parallel to the b) x-axis (shorter side), c¢) y-axis (longer side), and d) z-axis
(through thickness). Same legend (d) for all. Error bars show 1 S.D. for conditions where multiple samples were
fabricated.

Considering the unconstrained, steamed foam samples and regions, planar (x and y)
LCRs (Figure 3b & c) were about 0.9, with more through thickness shrinking (LCR, = 0.3,
Figure 3d). The constrained region of the gradient sheet exhibited planar LCRs of 1.0 (i.e.
unchanged, due to the constraints) and an LCR of 0.3 through thickness. The stretched region
of the steamed cuboid retained its applied LCR of ~1.5 in its y-axis (Figure 3c), an LCR of 0.7
in the x-axis (Figure 3b) and similar through thickness LCR to other samples (LCR;, = 0.3,

Figure 3d).
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3.2 Cell Structures

There was negligible difference in cell structure between orientations for the
unconverted foam (Figure 4a to c), suggesting little to no elongated cell rise [41], as expected
[49]. Steam contraction in the unconstrained sheet (Figure 4d & e) reduced cell size and
imparted different topology, corresponding to some kinks in the previously straight cell walls,
which were most obvious through thickness (Figure 4d). The structure of cells on the outer
faces of samples barely changed following fabrication, as cells on the outer faces were partially
open from cutting and could not trap steam (Figure 4f). Constraining foam in two directions
created a similar effect to the unconstrained conversion, except the cells were wide, with low
thickness (Figure 4g), but similar to the unconverted foam (Figure 4a to c) in the constrained
x-y plane (Figure 4h) and on their outer faces (Figure 4i). Stretching foam in the y-axis also
produced a similar effect, with wider, thinner cells still (Figure 4g), and different topology,
corresponding to some kinked cell walls in the x-y plane (Figure 4k), caused by contraction in
the x-axis (LCRx = 0.7, Figure 3b). The outer faces of steamed samples had hexagonal cells,
which were longer in their stretched y-axis for samples stretched by pins during fabrication

(Figure 41).
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Figure 4. Micro-ct scans of a) to ¢) unconverted foam; d) to f) unconstrained, steamed sheet sample, g) to i) the
constrained region of the constrained sheet, j) to 1) the stretched region of the partially stretched gradient cuboid.
Labels show orientation, subfigures f), i) and 1) show steamed foam’s outer face. Inserts in d) to 1) show processed
single cell images digitally expanded by 1.5 times their original size. White single cell images were processed in
MATLAB®, others by minor manual editing to accentuate cell walls.

3.3 Digital Image Correlation

Contour plots of transverse strain from DIC show the unconverted foam contracted
transversely at 2 and 10% tension (Figure 5a & b) and the auxetic foam expanded (Figure 5c
& d). Contour plots at 10% compression show the unconverted foam expanded transversely
(Figure 5e). The auxetic sample contracted transversely at the centre (Figure 5f) and expanded

along the edges; corresponding to regions with (Figure 4g) and without (Figure 41) re-entrant
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Figure 5. Contour plots of transverse strain from DIC of a) and b) unconverted foam at a) 2% and b) 10% tension;
¢) and d) the constrained region of the gradient sheet at c) 2% and d) 10% tension; e) unconverted foam at 10%
compression; f) the constrained region of the gradient sheet at 10% compression. Labelled dimensions are in mm.

3.4 Stress and lateral strain vs. axial strain

NPR behavior (i.e. contraction) of the unconstrained foam was retained to ~2 to 3%
compression (Figure 6a), followed by transverse expansion. The constrained region of the
gradient sheet had a steeper compressive axial vs. transverse strain relationship and therefore
a higher magnitude of (negative) Poisson’s ratio than the unconstrained region. NPR was,
however, only maintained to ~1% compression in the constrained region. Tensile transverse

vs. axial strain was quasi-linear for all samples (Figure 6b), with the constrained region of the

Page 15



286  gradient sheet expanding more transversely than the unconstrained region. The unconverted
287  foam exhibited transverse expansion in compression (Figure 6a) and transverse contraction

288  (Figure 6b) in tension.
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290  Figure 6. Sample plots of a) & b) Transverse vs. axial strain in a) compression and b) tension; ¢) & d) Stress vs.
291 axial strain for constrained and unconstrained regions of the gradient sheet, and the unconverted foam in c)
292 compression and d) tension. Negative strain values indicate axial compression and transverse contraction. Same
293 legend applies to a) & b), and ¢) & d).

294 The unconverted foam exhibited its characteristic stress vs. strain plateau at ~5%
295  compression [41,49,55] (Figure 6¢). The constrained region of the gradient sheet also had a
296  stress vs. strain plateau, at ~8% compression, and a steeper initial gradient and therefore higher
297  Young’s modulus than both the unconverted and unconstrained regions. The unconstrained
298  region exhibited linear stress vs. strain of steeper gradient than the unconverted foam. In

299  tension (Figure 6d), stress vs. strain relationships of all samples were quasi-linear, with the
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same order of low to high Young’s moduli as in compression (unconverted < unconstrained <
constrained).

3.5 Poisson’s ratios

The unconverted sample was isotropic (v = 0.4, Figure 7a & b, Supplementary Material
S1). Measured Poisson’s ratios and tangent moduli of test samples cut from unconstrained
regions of different fabricated samples were similar to each other (Figures S1 & S2). A
selection of samples, from the constrained and stretched regions of gradient foams,
demonstrating the different mechanical behaviors and imparted cell structures are outlined
here. Detailed results are included in the supplementary material (Figures S1 & S2), along with
collated Young’s modulus and Poisson’s ratio data (Supplementary Table S1). The mechanical
properties of the dry heated region of foam were similar to the unconverted foam (Figures S1
& S2), as FDR and LCRs were = 1, so cell structures were unchanged (Figure 3).

Concerning the gradient sheet, tensile and low strain (<0.5%) compressive Poisson’s
ratios of the unconstrained section were as low as -0.7 (vyz, Figure 7a & b). In the slightly
compressed in-plane directions (LCR = 0.9), Poisson’s ratios (vxy = 0.1) were lower than for
the unconverted foam. During through thickness compression tests, v,y was about zero. In the
unconstrained foam section (Figure 7c¢ & d), Poisson’s ratio had greater anisotropy; NPR
reached a higher magnitude (vy, = -1.0), whereas the in-plane Poisson’s ratio was closer to that
of the unconverted foam (vxy = 0.2). Through thickness compressive Poisson’s ratio (v,y) was
also close to zero (Figure 7c). Trends in the stretched region (Figure 7¢ & f) were broadly
similar to the constrained region, but the positive Poisson’s ratio vy, (of 1) was higher in
compression; as in similar work stretching open cell foam during fabrication [38,40].

Calculated Poisson’s ratios, based on Equation (4) and schematics in Supplementary
Figure S3, show reasonable agreement (within ~1 S.D.) with measured values (Figure 7 &

Supplementary Material S2). The analytical model predicts that the effect of transverse
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336

expansion of gas in compression increases with cell anisotropy (Supplementary materials
Figure S4 -S8), as does Figure 7 data. NPR (vy,) was present up to 2 to 3% compression for the
unconstrained region (Figure 7a) and 1 to 2% for the constrained region (Figure 7c), whereas

the stretched foam had positive compressive Poisson’s ratio (Figure 7e).
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Figure 7. Measured and calculated (Equation 4) Poisson’s ratio vs. axial strain for; a) & b) unconverted and
unconstrained foam (samples from the gradient sheet, a) in compression, b) in tension), ¢) & d) constrained foam
from the gradient sheet (c) in compression, d) in tension), ¢) & f) the stretched section of the gradient cuboid
sample (e) in compression, f) in tension). Data for axial and transverse strain parallel to the x and y-axis or at 45°
were combined. Mean values and error bars showing 1 S.D. are plotted, except for in (¢) where median values
were plotted in compression. Legends in a), ¢) & e) apply to b), d) & f), respectively. All samples and orientations
are included in Supplementary material S1 and data is also included in Table S1.
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3.6 Tangent moduli

Unconverted foam exhibited tangent moduli of ~1 MPa up to ~5% compression (Figure
8a), with a reduction to ~0.5 MPa when it entered the plateau region (Figure 6¢), and of ~2.5
MPa up to 10% tension (Figure 8b). In compression, both regions of the gradient sheet (Figures
8a & c) were stiffer through thickness (Ey = 2.5 MPa at 5% compression) than in plane (Ex &
Ey = 1to 1.5 MPa). Planar tensile Young’s moduli were lower in the unconstrained region (Ex
& Ey = 7 MPa, Figure 8b) than the constrained region (Ex & Ey = 8 MPa, Figure 8d).
Compressive tangent moduli parallel to the x and y-axis tended to be higher in the constrained
region (~1 to 2 MPa, Figure 8c) than the unconstrained region (~0.5 to 1.5 MPa, Figure 8a),
but lower (both ~1 to 2 MPa) when loaded parallel to the z-axis. When loaded along the
stretched (y) axis, the stretched region of the gradient cuboid was stiffer (Figure 8¢ & f) than
other orientations and samples; both in compression (tangent modulus up to 4 MPa, Figure 8e)
and tension (Ey = 12 MPa, Figure 8f), agreeing with trends in previous work stretching open
cell foam during fabrication [40,56]. Young’s moduli are also in Supplementary Table S1.

Differences in both tensile and compressive tangent moduli between regions agree with
increased anisotropy in Poisson’s ratio measurements (Figure 7), micro-ct images of cell
structures (Figure 4), LCRs (Figure 3) and the analytical model (Figure 8). Equation 3 also
predicts Young’s moduli to within ~1 S.D. of the mean measured value (Figure 8). As with
Poisson’s ratio measurement and calculations, the lower stiffness in tension supports increased

cell wall flexure and bending in compression.
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Figure 8. Mean and calculated (Equation 3) tangent moduli of a) & b) unconstrained and unconverted foam
(samples from the gradient sheet) in a) compression and b) tension; ¢) & d) the constrained section of the gradient
sheet in ¢) compression and d) tension; e) & f) the stretched section of the gradient cuboid in e) compression and

f) tension. Error bars show 1 S.D. All samples and fabrication shown in Supplementary material S1, and data is
replicated in Table S1.
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4. Discussion

Constraining, stretching or preventing steam from reaching regions of closed cell foam
allowed control over cell structure during steam conversions (Figure 3). Constraining and
stretching foam regions during fabrication increased anisotropy in gradient foam regions.
Comparison with an analytical model, adapted from previous works [40,51], showed
agreement (within ~ 1 S.D.) between imparted LCRs (Figure 3) and cell structures (Figure 4),
with measured Poisson’s ratios (Figure 7) and Young’s moduli (Figure 8). The imparted cell
structures of regions of auxetic foam that were unconstrained during fabrication look similar
to those in previous work, and agree with an analytical model [48,49]. Further work could
steam larger and thicker samples of constrained foam, to allow for compression tests that
comply with ASTM D3574 — 11 [53].

Regions of foam unconstrained during fabrication, from different samples, exhibited
similar mechanical properties, including Poisson’s ratios (lowest vy, = -0.7, Figure 7, Figure
S1) and tensile Young’s moduli of ~7 MPa (Figure 8b, Figure S2). The gradient sheet had a
slight gradient along its y-axis (e.g. vy, =-0.7 to -0.8, tensile Ey = 7 to 8 MPa), as expected and
predicted by the analytical model (Figures 7¢, 7d, 8 c, 8d). The two cuboids had clear gradients
between regions: 1) Unconstrained regions were similar (e.g. vy~ -0.7, tensile Ey = 7 MPa); ii)
The stretched region had similar tensile vy, of ~-0.5 (Figures 7c) but higher tensile Ey of =~ 12
MPa (Figure 8f); iii) The dry-heated region was similar to the unconverted foam (Figures 7a,
7b, 8a, 8b), with v~ 0.4 and E = 2.5 MPa (Figures S1f and S2f).

The effects of modifying cell structure agreed with our understanding of open and
closed cell foam, including: 1) analytical models of auxetic and conventional open cell foam
[40,41,50]; i1) analytical models of conventional closed cell foam [41,51,52], and; iii) previous
tests of auxetic closed cell foam [47—49]. Cell structure (Figure 4h) and Poisson’s ratio (Figure
7a & b) in directions constrained (LCRs = 1), but not stretched, by pins during steaming were

similar to that of the unconverted foam. Young’s moduli of the converted foam did, however,
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tend to increase with foam density from shrinkage in the unconstrained through thickness
direction (Figures 3a, 8a & 8b). Kinked cell walls and smaller cells imparted by the steam
process (Figure 4e & f) gave NPR (Figure 7a & b) and increased Young’s modulus (Figure 8a
& b), as in previous work with open cell foam [19,23,38,40].

Considering the gradient sheet, constraining the foam (and cells) during fabrication, and
volumetric shrinking during cooling - when the polyethylene was softened by the remaining
heat — is likely to have increased the diagonal rib length (i.e. / in Figure S3). Increasing the
relative diagonal cell wall length in the analytical model increased transverse strain (€gansverse O
I/h, whereby 4 is vertical rib length, Supplementary Figure S3) and the magnitude of cellular
NPR (vy,, Figure S7a), agreeing with mechanical test data and clearest in tension (e.g. Figure
7a to d). The increased magnitude of NPR would, then, be expected to increase volumetric
deformation, and therefore changes in internal air pressure, increasing stiffness (Ecombined @ Eair
o &y, Equation 2), as in Figure 8a to d [51].

Compressive and tensile characteristics of the steamed foams differed, depending on
the specifics of fabrication. NPR was maintained to higher tension (10%) than compression
(~2%, Figure 7), suggesting more implications for fit of personal protective equipment, and
prosthetics, than indentation or impact performance, although this was not tested specifically.
Previous work suggested that cell wall buckling began at low (0 to 3%) compression of closed
cell foams [51]. The analytical model (Equations 3 & 4) predicts negative tensile Poisson’s
ratio (vy;), but near zero or positive compressive Poisson’s ratio (vy,, Figure 7), and reduced
compressive stiffness (Ey, Figure 8), as cell walls buckle. Lengthening cells, by stretching foam
in the y-axis during fabrication (Figure 4j), increased stiffness in the y-axis (Ey, Figure 8e & f)
[23,57], and gave positive compressive Poisson’s ratio (Figure 7e).

Before considering internal air pressure, the analytical model and previous work in open

cell foam [40], suggest compressive NPR, and low compressive transverse stiffness, as cell
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wall flexure and bending increase (Figure S5, [40]). With their low transverse stiffness, air
trapped in the cells caused transverse expansion and positive compressive Poisson’s ratio
(Figure 7 and Equation 4). The effect of air pressure in the closed cells, and the compression
level at which positive Poisson’s ratio occurred (Figure 7a, ¢ & ¢), increased with the diagonal
cell wall length (Supplementary Figure S3 b to d), as relative transverse stiffness decreased
(Figure 8) [40]. Further work could develop this auxetic closed cell foam analytical model for
larger strains.

Unlike most auxetic open cell foams, the closed cell auxetic foams reported here had
similar compressive stiffness (~1 to 4 MPa, Figure 8a) to foam in personal protective
equipment (~1 MPa [58-60]), running shoe midsoles (~2 MPa [33,61]) liners for prosthetic
sockets (~1 MPa [62]) and expanded foam in helmets (~5 to 20 MPa [63-65]). Foams
fabricated herein also had a wide range of tensile moduli (5 to 12 MPa, Figure 8), similar to
that of expanded foam used in helmets. These foams were up to twice as stiff as similar foam
fabricated without constraints [49]. While similar stiffness open cell auxetic foams have been
fabricated before [31], these closed cell auxetic foams have higher porosity (FDRs up to 5,
Figure 3, than FDR = 10 in previous work [31]), and high magnitude NPR during loading in
the same axes as their desirable Young’s moduli (~1 to 12 MPa, Figures 7 & 8). Alignment of
desirable characteristics (NPR and Young’s modulus), and high porosity, mean these auxetic
closed cell foams could realise the previously demonstrated [4-6,8,28,37,66] and discussed
[30,67—-69] benefits of NPR to energy absorption [33,51,58—60,62—65]. The presented methods
facilitate further development and testing, including impact testing at different temperatures
and humidities, of auxetic and gradient foam for often discussed [1,19,30,68], but unrealised,

applications for auxetic foam.

5. Conclusions
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We demonstrate control over compression and cell structure during auxetic closed cell
foam fabrications. Poisson’s ratios between -1 and 1, compressive tangent moduli from 1 to 4
MPa and tensile Young’s moduli between 5 and 12 MPa were shown within a gradient sample.
Obtained mechanical properties agree (within ~1 S.D.) with analytical models adapted from
previous models for auxetic open cell and conventional closed cell foam. Open cell gradient
auxetic foam is available, but typically with Young’s moduli at least ten times lower than that
of the closed cell foams presented here. Now that such control is possible during closed cell
auxetic and gradient foam fabrications, prototype devices featuring auxetic and gradient foam,
such as sporting personal protective equipment, helmets, prosthetics and footwear, can be
developed and tested. Future work could impact test the foams developed here for such
applications. The development of an analytical model for auxetic closed cell foam provides a
better understanding of such foams, which could help in their application to sports equipment

and other devices.
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S1. Detailed Mechanical Properties

Table S1: Young’s modulus and Poisson’s ratios of all samples in Figures 7 & 8. Data is taken from the closest
point to 0% compression or tension.

Characteristic| Unconverted | Unconstrained | Constrained Stretched
I 1
Vi 0.30+0.15 -0.70 £ 0.46 -0.93 £0.45 0.04
2 -0.03 £0.08 0.11£0.09 0.00
V. -0.02 £0.01 -0.02 £0.01 0.02
Compression
E,(MPa) | 0.77+1.38 0.74 + 0.46 0.88 + 0.44 2.10+0.88
E, (MPa) 0.78 £0.18 0.55+0.50 0.23 +0.09
E, (MPa) 0.83 £ 0.53 0.89 + 0.53 0.41+0.15
vy, 0.26+0.12 -0.33+0.37 -0.78 £0.21 -032+0.11
Vi 0.00+0.15 0.22 +0.13 0.14+0.16
Tension
E,(MPa) | 261+0.58 6.47 +0.20 6.67 +0.46 12.22 £1.43
E (MPa) 5.41+0.60 7.40 +0.47

Poisson’s ratios of unconverted samples were isotropic (Figure Sla & b), and therefore
agreed with values in the manuscript (Figure 7a & b). Poisson’s ratios were also similar to the
dry heated section of foam (Figure Sle & f). The Poisson’s ratios of unconstrained, steamed
sections of the half-steamed sample (Figure Sle & f) were similar to the unconstrained,
steamed foam sections shown in the manuscripts (Figure 7a & b).

Tangent moduli of unconverted samples (Figure S2a & b) were isotropic, and therefore

agreed with values in the manuscript (Figure 8a & b) and were similar to the dry heated section
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646  of foam (Figure S2e & f). The tangent moduli of the unconstrained, steamed section of the
647  half-steamed sample (Figure S2e & f) were similar to the unconstrained, steamed foam

648  sections shown in the manuscript (Figure 8a & b).
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Figure S1. Poisson’s ratio vs. axial strain for the; a) & b) unconverted foam in compression and tension
(respectively); ¢) & d) the sheet steamed without constraints; ) & f) the half steamed, half dry-heated cuboid,
and; g) and h) all sections of the stretched sample. All data for the sheets, (a) to (d), is plotted at 0.5% strain
increments, all data for the cuboids, (e) to (h), is plotted at 1% strain increments. Where error bars are shown, data
is mean and S.D.; where error bars are not shown, all tested samples are plotted.
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Figure S2. Tangent modulus vs. axial strain for the; a) & b) unconverted foam in compression and tension
(respectively); ¢) & d) the sheet steamed without constraints; ) & f) the half steamed, half dry-heated cuboid,
and; g) and h) all samples of the stretched sample. All data for the sheets, (a) to (d), is plotted at 0.5% strain
increments, all data for the cuboids, (e) to (h), is plotted at 1% strain increments. Where error bars are shown, data
is mean and S.D.; where error bars are not shown, all tested samples are plotted.
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S2. Analytical Model Details
Poisson’s ratio and Young’s moduli, relative to cell wall angle, are described by

Equations S1 to S4, taken from previous work [33].

sin 6,,,cos? 9y2< L 1)

V = khf_k_s S1
yz — hyz . sin? 6y, cos? 0y (5D
——+sin 0y, +
lyz Khf ks

h
. yZ | . 11
sin Gyz(—lyz +sin Gyz)(—khf ks)
Vay = zil-ﬂ+sin2 0 o
lyz XZ

COS2 eyz ,
khf ' ks
cos 6
— Yz
By = b (hy—z+sin 6 ) sin? Oyz  cos? Oyz 59
Y2\ lyz YZ)| kng ks
h
—2YZising
lyz Yz
E, = - (S4)
—YZ , cin2
b, ,cos 6 cos? Oyz . zlyz s Cyz
yz yz khf ks

where hy; is the vertical cell wall length, ly, the diagonal cell wall length, ks is the cell wall
stretching force constant and by, is the cell wall thickness. Inputting values for the
unconstrained and unconverted foams (FigureS3a & b), Equations S1 and S3 predict relatively
high variation in Poisson’s ratio and Young’s modules as cell wall angle (0y,) and the flexure
and hinging constant (ki) varies (Figure S4). Equations S5 to S7 were used to calculate the

off-axis Young’s modulus, Poisson’s ratio and strain; with an offset angle ® = 10°:

Page 32



672

673
674

675

676

677

678

679

Figure S3. Schematics showing the y-z plane of a) unconverted, b) unconstrained, c) constrained and d) stretched
cells (y across the page, z upwards) used in the analytical model.

-1
2 in*
E,(¢) = [COS + cos? ¢ sin qb( M) += ¢] (S5)
Gyz hY% E,
(cos* qb+sm d))vyz 1
Vyz (@) = Ey () —cos? ¢ sin’ ¢ - + e (S6)
Ey, Gyz
e, @) = In (lyzcos 0yz—8yzsin Gyz> cos? 6 + In (hyz+lyzsin 0y2+‘6yzcos 6yz> sin? @ S7)
Lyz(0)€0S Byz(0) hyz(0)tlyz(0)Sin Oyz(o)

where Gy is cell shear modulus, and dy; is the deflection of the diagonal cell wall due to flexing.
Equations S8 to S12 were used to calculate changes in cell wall length, and transverse

deflection. Equations S6 and S7 are for loading parallel to the y or z-axis, respectively.
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Figure S4. Poisson’s ratio (vy,) vs. cell wall angle (Equation S1) and b) Young’s modulus (Ey) v cell wall angle
(Equation S3), for the foam cell structure, with no offset angle (®), h=/=1 and b = 0.1, k, = 0.0044, ks = 0.04,
ks = 1, and variable values for the flexure and hinging force constant (kns).

Applying an offset angle ® = 10° (Figure SS5), the Poisson’s ratios vary less, and

Young’s moduli variation increases (Equations S5).

Page 34



687
688
689
690
691

692

693

694

695

696

697
698

699
700

a) 5 b)

80 i r—
—flexing/hinging
_khf =0.03
- - km =0.10
—~60 | | stretching ||
o 2
— C
: >
2]
= 40
7)) =
n 0
'S ©
o - X
[—flexing/hinging W 20} ]
—Kp =003 Free (0= -20"‘.). """""""""""
- - khf =0.10 50 B U(_(0=45)
5 [-==sfretching N 1T e Sl PV o <0
B ' ) . . . G >0
-50  -30 -10 10 30 50 -50 30 -10 10 30 50
o} o}
0 (%) (") Figure

S5. Poisson’s ratio (vy,) vs. cell rib angle (Equation S6) and b) Young’s modulus (Ey) v cell rib angle (Equation
S5), for the foam cell structure, with an offset angle ® = 10°, h=7/=1and b=0.1, k; =0.0044, k;=0.04, ks = 1,
and variable values for the flexure and hinging force constant (kr).

Reducing rib thickness, from 0.2 [33] in previous work to 0.1, to reflect the low
thickness of closed cell walls [51], reduces the effect of cell rib angle on Young’s modulus but
does not change the Poisson’s ratio from cellular deformation; assuming kur is unchanged

(Figure S6). Reducing the effect of cell rib angle on Young’s modulus could, though, increase

the relative effect of air pressure on Poisson’s ratio (Equation 4).
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Figure S6. Poisson’s ratio (vy,) vs. cell rib angle (Equation S6) and b) Young’s modulus (Ey) v cell rib angle
(Equation S5), for the foam cell structure, with an offset angle ® = 10°, h=/=1 and knr= 0.1, ks = 0.0044, k¢ =
0.04, ks = 1, and variable values for cell wall thickness.
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Increasing the length of the diagonal rib, to reflect imparted LCRs (Figure 3) and

positive Poisson’s ratio thinning of the cell walls with applied tension, and the cell structure

images (Figure 4), for constrained and stretched foam regions (1= 1.1 and 1.6, Figures S3¢ &

d), increases the magnitude of Poisson’s ratios and Young’s moduli (Figure S7)
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Figure S7. Poisson’s ratio (vy,) vs. cell rib angle (Equation S6) and b) Young’s modulus (Ey) v
(Equation S5), for the foam cell structure, with an offset angle ® = 10°, h=1 and knr=0.1, b = 0.1
kr=0.04, ks =1, and variable values for diagonal cell wall length (1).

cell rib angle
, kn =0.0044,

Reducing the flexure and hinging constant (knr) decreased compressive Poisson’s ratio

and Young’s modulus calculated from cell dimensions (Figure S8). With the decreased

Young’s modulus in the transverse (z) axis, as shown in Figure 8 in the manuscript, combing

cellular deformation with gas pressure (Equation 4) increased compressive Pois
bringing the high negative values (dashed blue line) towards zero (black line),

decreasing Young’s modulus.

son’s ratio,

while still

Page 36



717
718

719
720
721

a) b)
150

Free (0 =-20°) 3 = gy Free (6= -20°)? ﬁ
: —Veombine i _ECombine
-02 ] . 3L/’/
® | =
e | E 100
o | -
=-04 !
o | 3
o i -
8-06 ‘ 1 2
DC_) ! —'__,—“’ \(_U, 50+
— e Ll
-0.8 i
)
____________ f'
q b= - 0
25 -20 -15 -25 -20 -15
0 (°) 0 (°)

Figure S8. Poisson’s ratio (vy,) vs. cell rib angle and b) Young’s modulus (Ey) v cell rib angle, for the
unconstrained, converted foam cell structure without (Equations S5 and S6) and with the effect of air pressure
(Equations 3 and 4). Offset angle ® = 10°, h=17= 1, kyr = 0.1 in tension and 0.03 in compression, b = 0.1, kp =
0.0044, kr=0.04, ks =1, R=0.8, po= 100 kPa, Epg = 300 MPa.
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