Accepted Manuscript 5

Fabrication, characterisation and modelling of uniform and gradient auxetic foam
sheets

-
PROCESSING

O. Duncan, T. Allen, L. Foster, T. Senior, A. Alderson

Pll: S1359-6454(17)30004-6
DOI: 10.1016/j.actamat.2017.01.004
Reference: AM 13466

To appearin:  Acta Materialia

Received Date: 27 October 2016
Revised Date: 3 January 2017
Accepted Date: 4 January 2017

Please cite this article as: O. Duncan, T. Allen, L. Foster, T. Senior, A. Alderson, Fabrication,
characterisation and modelling of uniform and gradient auxetic foam sheets, Acta Materialia (2017), doi:
10.1016/j.actamat.2017.01.004.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


http://dx.doi.org/10.1016/j.actamat.2017.01.004

|-VCR=2.9

i-VCR=1

i 6l

!t Covered

N Impact
2N

o Time(ms) 25

1.2 200

€
£
————— 2
? 100
Ty g
R % l}*“ }il“;
-0.8 wo
03 € 0 03 -03 € 0 0.3




Fabrication, characterisation and modelling of uniform and gradient auxetic foam
sheets

O. Duncarf, T. Allen®, L. Fostef’, T. Senior, A. Alderson®*

 Materials and Engineering Research Ingtitute, Faculty of Arts, Computing, Engineering and Sciences, Sheffield
Hallam University, Howard Street, Sheffield S1 1WB UK.

® Sports Engineering Research Team, School of Engineering, Faculty of Science & Engineering, Manchester
Metropolitan University, John Dalton Building, Chester Sreet, Manchester M1 5GD, UK.

¢ Centre for Sports Engineering Research, Faculty of Health and Wellbeing, Sheffield Hallam University,
Broomgrove Teaching Block Street, Sheffield S10 2LX, UK.

* Corresponding author (Email: A.Alderson@shu.ac.uk)

Abstract

Large sheets of polyurethane open-cell foam werapcessed (or stretched) using
pins and a conversion mould whilst undergoing ttereoftening and controlled cooling.
Sheets (final dimensions 355 x 344 x 20 mm) wertgridated with uniform triaxial
compression, with and without through-thicknessspisnd also with different compression
regimes (uniform triaxial compression or througlekhess compression and biaxial planar
tension) in opposing quadrants. The samples faledcander uniform triaxial compression
with and without pins exhibited similar cell strucd and mechanical properties. The sheets
fabricated with graded compression levels displagiedrly defined quadrants of differing
cell structure and mechanical properties. The gradam quadrants subject to triaxial
compression displayed similar cell structure, tamgmoduli and negative Poisson’s ratio
responses to the uniform foams converted with alairtevel of triaxial compression. The
graded foam quadrants subject to through-thickeesspression and biaxial planar tension
displayed a slightly re-entrant through-thicknesei structure contrasting with an in-plane
structure resembling the fully reticulated celusture of the unconverted parent foam. This
guadrant of graded foam displayed positive and thegdoisson’s ratios in tension and
compression, respectively, accompanied by high &wl in-plane tangent modulus,
respectively. The strain-dependent mechanical ptegeare shown to be fully consistent
with expectations from honeycomb theory. The tadyicompressed quadrants of the graded

sheet exhibited ~4 times lower peak acceleratiaan tquadrants with through-thickness



compression and biaxial planar tension in 6 J impasts using a steel hemispherical drop
mass.
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1. Introduction

Open cell auxetic polyurethane (PU) foams [1] digphegative Poisson’s ratio (PR)
and have potential in a range of applications. &haslude apparel [2], personal protective
equipment [3,4,5], crash barriers [5], car/planeatse[6], anti-vibration gloves [7],
cleanable/tuneable filters and controlled delivdeyices [8,9]. For impact applications, for
example, auxetic foams exhibit reduced peak foRd,p] and displacement [10], and
increased energy absorption [11,12] under impaditay.

Auxetic foams are typically fabricated by combirtedxial compression in a metal
mould and thermal softening [1,3, 13,14]. Altermatsoftening processes for PU foam use
solvents [15] or compressed carbon dioxide [16vaduum bag can be used in place of a
rigid mould [17]. The combination of compressiordaoftening changes the open cell foam
structure from an initially quasi-regular arrangenef cells comprising nearly straight ribs
connected at junctions into a more dense and tastgell structure [1] through buckling of
the ribs and rotation of the junctions [18]. Suhssg removal of the thermal load (and/or
solvent or carbon dioxide) while maintaining theamanical load then fixes the foam in the
converted ‘re-entrant’ structure responsible fa #uxetic effect [1,19]. Evidence of buckled
ribs has also been reported in commercial feltedaBd melamine foams, with the felted
melamine foam found to display auxetic behaviowtaurflat plate impact [10].

The compression applied via the conversion process significant contributor to
modifying the cellular structure and mechanicalpgmies of the produced auxetic foams

[3,20,21,22]. Imposing uniform and equal comprasgwithin reasonable limits) along each



of the three principal directions produces isottopuxetic foams [1]. Auxetic behaviour is
typically realised, with varying magnitude of negatPR, for volumetric compression ratios
(VCR - ratio of unconverted-to-converted foam vo&)rm the range 2-5 [10,23]. Applying
different compression levels along different axe®dpces auxetic foams displaying
anisotropic mechanical properties (PRs and Youngsluli) [24,25]. Employing different
levels of compression in different regions produfmesns displaying gradient structure and
mechanical properties. Graded compression levels haen achieved by inserting a sample
having a different unconverted shape to the conspeanould to produce a longitudinally-
gradient foam with gradient cellular structure aedjative and positive PR regions [26]. The
gradient effect can be produced in discrete homegen segments (by inserting a pre-
converted foam having uniformly thick and uniformlyin regions into a uniform cross-
section cuboidal mould) [26] or in a gradually Vagy manner along the length (tapered
cuboidal pre-converted foam into a uniform crossiea cuboidal mould) [27]. An
alternative approach to achieving graded compradsiels exploits the cellular nature of the
foam structure, allowing the insertion of pins tonstrain regions of foam by different
amounts during conversion. Pins have been usettiupe a coaxial radially-gradient foam
cylinder displaying an auxetic annular sheath negarrounding a positive PR inner core
[27].

Issues with foam compression in the mould includeintentional) non-uniform
compression throughout the bulk of the monolith.nNmiform compression can lead to
surface creasing [13], over compression towardsotlter corners and edges, and under
compression towards the centre of the foam [4,28jder compression results in cellular
structure which is less tortuous than typical aiexitam and closer to its unconverted state
[4]. These issues become more apparent as thefdize foam increases. Strategies to reduce

surface creasing include using a lubricant to line walls of the mould and the use of



spatulas to smooth out the creases whilst in theland3]. For monoliths approaching seat
cushion size (-5 cm thick, ~38 cm planar dimensitimg force required to insert the foam
into the mould becomes an issue for the compredsiogls required to achieve auxetic
behaviour [29]. Applying compression using an aidjoke mould [29,30] or through multiple
conversion cycles with increasing compression 3] make it easier to insert the foam into
the mould. Adjustable moulds [29,30] are compledésign and the multi-stage compression
method requires different sized moulds [13].

For large area foams having thin through-thicknéissension (relative to in-plane
dimensions), it becomes difficult to achieve theuieed in-plane compression without
creasing or even folding of the foam during ingertinto the compression mould. A vacuum
bag and ‘half mould’ process has produced 10 mektféam sheets of arbitrary curvature
displaying anisotropic auxetic behaviour in thenglaf the sample. Negative PRs of -0.15
through the thickness and below -1 in some in-pldinections were reported for the ‘half
mould’ samples [17]. Uniaxial compression betwek ér curved plates, rather than in a
fixed compression mould, has been used to produdace crease-free flat and curved
samples, respectively, with thickness as low asn2ad31]. In this case the auxetic effect is
evident through the thickness, with negative PRueslas low as -3 reported, but auxetic
behaviour was not observed in the plane of the edes foam.

There is surprisingly little prior literature compwy the prediction of strain-
dependent mechanical properties from structuraletsodith experimental data for auxetic
foams. An analytical model for isotropic auxeti@afo based on a polyhedron cell gave good
agreement with experimental PR vs strain datadaetc copper foam [23]. Predictions from
a 2D analytical model of a hexagonal honeycomb rdafay solely by flexure of the ribs
were compared with FE model predictions based 8D &longated rhombic dodecahedron,

but neither variation with strain nor comparisorthneéxperimental data were undertaken [32].



A multiple-mechanism 3D elongated rhombic dodecedredanalytical model has been
developed and stress-strain predictions compareskperimental auxetic and conventional
foam data, but a PR vs strain comparison was néanpeed [33].

Auxetic foams are, then, exemplary systems to egplprocessing-structure-
properties relationships in cellular solids anceothe potential to produce carefully tailored
properties for a range of applications. Further monpments in the processing of auxetic
foams are, however, required. It is within this teom that we have recently developed the use
of pins further to constrain the foam during thenarsion process, providing a means of
local internal compression control to complemerd tobal applied external compression
from the mould [5,34]. This work investigates thi&icacy of pins for control of planar
compression in the thermo-mechanical conversiorhatefl] to produce large (355 x 344 x
20 mm) homogeneous sheets of auxetic foam. Addiipnwe use pins to apply non-
uniform planar compression to produce foams disptpin-plane gradient cellular structure
and mechanical properties. This latter developmextends the previous work on
longitudinally- and radially-gradient auxetic foanws include planar-gradient auxetic foam
sheets. We undertake impact testing of the gradoamh to demonstrate the production of a
one-piece foam sheet having regions of distinciffeent impact response. Finally, by
considering projections of foam structure in spe@fanes as idealised 2D honeycombs [19],
we extend the established analytical model for mhefdion of 2D hexagonal honeycombs via
simultaneous flexing, rotation and stretching & Honeycomb ribs [35] to allow predictions
with strain. Comparison of the experimental streetand properties data with model
predictions is undertaken.

2. Methods

2.1. Foam fabrication




A multi-stage thermo-mechanical process [13], agdgtom previous studies on the
same foam and range of sizes [4,5,10,34], waseppd open cell PU R30FR foam (Custom
Foams). Foam sheets (508 x 491 x 28.5 mm) were @ss@d into a metal mould (internal
dimensions 355 x 344 x 20 mm), with the rise digectthrough the thickness. A Linear
Compression Ratio (LCR, initial length/final lenytbf 1.43 was thus applied in all 3
principal directions to two sheets corresponding MCR of 2.9. One uniform sheet utilised
a square array of 36 steel pins of diameter 3.2 insarted through the thickness of the
unconverted foam, with a typical spacing of 71.5 pnor to insertion into the mould and 50
mm after insertion (Figure 1). The other sheet Yed®icated without pins. A coordinate
system was defined whereby z is through the santiplgkness (or rise direction in
unconverted samples) and x and y are the two pkates (Figure 1a)lfsert Fig 1 here]

A sheet was also fabricated with non-uniform corspi@n, having quadrants with
different VCRs separated by a transition regiomg(Fe 1b). The unconverted sample was cut
to size with a retractable-blade knife using a Has@t acrylic sheet template. Through-
thickness pins applied planar compression or tensialifferent regions. To impose a VCR
of 1, an LCR of 0.84 (i.e. linear extension of 198@s applied in both planar directions (pin
spacing ~ 42 mm prior to insertion, and 50 mm ie thould) in two diagonally opposite
quadrants. An LCR of 1.43 was imposed in the remgiguadrants (pin spacing ~ 71.5 mm
prior to insertion, and 50 mm in the mould), pronglequal compression in each direction
with a VCR of 2.9 to match the uniform sheets. ti/mparison to the uniform sheets, 28
additional pins were used 10 mm from the mould d@dggpply tension and control transition
regions.

The compression method comprised (only steps Zagply without pins):



1) Pins were positioned in the unconverted foam bysipgsthem through holes (maximum
clearance = 0.1 mm) in a 5 mm thick laser cut acstheet covering the sample. The acrylic
sheet was then removed.

2) The pins were then inserted through holes in theetdox like section of the metal mould
(Figure 1a) and into corresponding holes in a woogigide block positioned below (Figure
1c & 1d), working from the centre to the edgeshaf tould.

3) All corners and edges of the sample were tuckeal pdice around the edge of the mould.
Horizontal rods were used to hold the foam in plabée creases were removed (Figure 1c).

4) The flat lid was put into place (locating the pinsholes in the lid in the case of pinned
samples) and the horizontal rods (Figure 1c) weneoved as compression was applied. The
lid was held in place by inserting three 3.2 mmubger steel rods through holes in the walls
of the mould (Figure 1d).

The closed mould assembly was subject to two hgatiages at 180°C (25 and 15
minutes respectively) in a conventional oven (MG#®ling Technologies LC/CD), followed
by annealing at 100°C for 20 minutes in a sepaoaen (Genlab PWO/600), similar to
previous work with this foam [3,4,5,10,34]. Afteach heating phase the mould was removed
from the oven. Uniform sheets were taken out oir ti@uld and gently stretched by hand to
avoid adhesion of the cell ribs, with any pins reetb after the 1st heating phase and not
returned. Pins remained in place, to maintain temdor both heating phases of the gradient
sheet, before removal for annealing. This sheet agitated between heating phases by

compressing and releasing the lid. All samples wergly stretched before annealing.

2.2. Impact testing of the non-uniform sheet

Prior to dissection for structural and mechanidadracterisation, the non-uniform
sheet was covered unbonded with a 2 x 350 x 350polypropylene (PP) sheet (Direct

Plastics, PPH/PP-DWST-Homopolymer). Impacts wergedaon the British Standard for



cricket pads [36] and previous work [4,34], witheteample resting on a flat rigid surface
rather than a curved anvil. Impacts were perforraed J by dropping a 2.095 kg, 72 mm
diameter hemispherical hammer from 292 mm. Accateravas recorded at 50 kHz with a
hammer-mounted accelerometer (Analog devices, ADMEBOOQ). The sheet was impacted
in the z direction close to the centre of 2 quatirawith different VCRs (Figure 2a). Three

impacts were performed at each location, altergabetween the imposed VCR=1 and 2.9
guadrants. The interval between impacts WA® minutes, equating tal5 minutes between

repeats in the same location. Three shells werd, &s@npacts per shell, each on opposing

corners. Impacted quadrants were not used fordutdsting.

2.3. Foam characterisation

Three cubes were cut from each of the distinct carad of the non-uniform foam
(Figure 2a). For the uniform sheet 3 cubes werefmrh 5 different regions (15 total),
corresponding to: 1) corners, 2) positions aloregdtige, 3) positions 10 mm from the edge,
4) an intermediate region between 50 mm and 100from the edge and 5) a region within
75 mm of the centre (example positions shown iruf@gb). Three cuboidal samples were
cut from each of the uniform and distinct quadraftthe non-uniform foams, aligned along
each of the in-plane directions, and also alonghgslane diagonal. Additionally, 6 cuboidal
samples were cut from a larger block of unconveftean, with 2 aligned along each axis.
Densities of all dissected samples were measured usgighing scales (accurate to 0.0019)
and digital vernier calipers (accurate to 0.01 mhme final VCR, determined from the ratio
of converted to unconverted densities (30 Kgirentre of supplier stated density range of 28-
32 kg/n? and checked using unconverted samples) was cothparéhe imposed value, to
see if the intended amount of compression was aetlie
Mechanical characterisation comprised of tensilststegstrain rate = 0.0042%son all

cuboidal samples, and compression tests (strain=a1.0083 3) on the cubic samples, to



50% engineering strain in an Instron 3367 machittedf with a 500 N load cell. The
movements of white-headed pins set into the frane fof each sample, filmed with a Sony
Handycam HFR-CX250, were tracked using an in-hddatab R2015a (MathWorks) script
for strain determination (frame rate of 5 Hz andotation of 720 by 540 pixels). PR was
obtained from linear regression of lateral truaistvs axial true strain. Tangent modulus was
obtained from linear regression of stress vs aaglineering strain from the marker tracking.
The cuboidal test specimens were each subjectténglle tests along their length, with the
sample being rotated 90°between tests. This allovests with the x-y and x-z faces
alternately oriented towards the camera, so thatdane and 1 through-thickness PR per
specimen were measured in tests 1 and 2, andralests 3 and 4. The starting orientation
was randomised between samples since it is knoainttie properties can vary with repeat
testing. Hence results are presented for the agedagctional PRs between samples from
tests 1 and 2, and from tests 3 and 4. The cubiwples were each tested 3 times in
compression: test 1 - loading through the thickntess 2 - in-plane loading direction with x-
z plane facing the camera, and test 3 - in-plaaditg with x-y plane facing the camera.
[Insert Fig 2 here]

Tested cubic samples were cut into thin (~1 mneeslusing a razor blade and placed
on a white background to obtain microscopic imagfesellular structure using a Stereoscope
(LECIA S6D).

2.4. Analytical model

A simplified reconciliation of the cellular struceuand mechanical properties data is
undertaken by representing the foam structuredqiénxtz and x-y planes as idealised 2D
hexagonal honeycombs [19]. We use analytical espyes previously developed for the on-
axis and off-axis mechanical properties of hexagohaneycombs deforming via

simultaneous flexing, hinging (rotation) and sthatg of the ribs of the cellular structure



[35]. The full set of elastic constants expressiadapted from [35], is reproduced in the
Supplementary Material.
For the prediction of the variation of mechanicaedpgerties with applied strain, the

loading strain for loading along the x directionsaaalculated using:

lyz COS Oy, —6,,Sin 6 hyz+lyz Sin Oy, + 6,5, cos O .
gx(d)) — ln ( XZ xz~_Oxz xz) COSZ ¢ + ln( xzT'xz XZ : Xz xz) smz ¢ (1)
Lxz(0) €OS Oxz(0) hxz(0)+lxz(0) SIN Oxz(0)

where h and | are ‘vertical’ (aligned along z) and ‘oblique’ heytomb rib lengths,
respectively is the deflection of the oblique rib due to flexif is the angle of the oblique
ribs with the horizontal (x) axis, and the subschia’ applied to the geometrical parameters
denotes they are in the x-z plane. The geometpaehmeters are shown in the schematic
insert in Figure 7a later. The subscript ‘(0)" deEsothe undeformed value of the associated
geometrical parameter and, for loading alondx, = hy. The variation of oblique rib
lengthly; and deflectiomy, with rib angleby, under an x-directed load was derived using a

similar approach to that used in the Nodule-Fitmdldel for microporous polymers [37]:

2K SinBy,
2, =~ 22y (smexz(o)) + 0 @)
K (exz_exz )
Oxz = K_ﬁT@ (3)

In Egns (2) and (3)Ks, Kn andK; are force constants governing the rib stretchimigging
and flexure modes of deformation, ai@/Ks and Ki/Ks have been assumed to remain
constant throughout deformation. Any particular he@dsm becomes increasingly dominant
as the value of its force constant decreases.detdiils of the derivation of Eqns (1)-(3), and
similar expressions for a z-directed load, are mivethe Supplementary Material.
3. Results

The mean measured VCR of the uniform sheet coryevith pins was 2.63 +0.10
(cuboidal samples) and 2.96 +0.42 (cubic sampledlich was similar to 2.53 +0.04

(cuboidal) and 2.86 +0.51 (cubic) for the sheethwiilt pins and the imposed value of 2.9.
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Cuboidal samples from the non-uniform sheet haccéamVCR of 2.98 +0.33 in the triaxially
compressed region and 1.22 +0.01 in the region wiffosed biaxial planar tension.

Micrographs show the regular polyhedral cellulauctiure of the unconverted foam,
with elongation in the rise direction [19] (Figusa & 3b). The planar (x-y) structure of the
guadrant of the gradient foam converted with biagianar tension and through-thickness
compression (VCR = 1, Figure 3c) is similar to tiblconverted parent foam planar structure
(Figure 3a). In the through-thickness (x-z) plathés region of foam has a slightly re-entrant
structure consisting of vertically compressed, ipkyt buckled cells (Figure 3d). Through-
thickness and planar micrographs of the triaxiathympressed quadrant (VCR = 2.9) of the
gradient foam (Figure 3e & 3f) both show a densedldimensional re-entrant cell structure
typical of auxetic foam [1] and similar to the wninly compressed samples as intended.
Through-thickness pins left holes in foam sheetde(ldiameter pin diameter), surrounded
by small creases (~10 mm long sloping down intchibles to a depth of <5 mm) (Figure 3g).
Random creasing (length <100 mm, depth ~ 5 mm) ewadent in the sheet converted
without pins. Creases or folds were not presernhénregion with applied planar tension in
the gradient sheet, which exhibited defined bouedadoetween areas with different VCRs
(Figure 3h)[Insert Fig 3 her¢g]

There was no clear difference in PRs or tangentuthdazetween samples cut at
different orientations from converted sheets (FégR), so these are displayed and discussed
together. The unconverted foam shows the estallidaormation characteristic of open cell
foams, undergoing lateral contraction under axeakion, and lateral expansion under axial
compression (Figure 4a). The strain-dependent RRsrdined from the negative of the slope
of the strain-strain data are, thus, positive f@ tinconverted foam and attain highest values
at the highest tensile strain and near zero vahtighe highest compressive strains (Figure

4b), in agreement with previous work [22,23]. Thexevidence for anisotropy in tensile PR
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response for the unconverted foam, with the sydiertrand ofv,x > vy, > vxy, consistent with
the structural anisotropy (rise direction paralielz axis).[Insert Fig 4 (and Fig4b.csv,
Figdc.csv and Figdd.csv) here]

The foam converted with uniform triaxial compressi@so displays the previously
reported response of lateral expansion under tetision, and lateral contraction under axial
compression (Figure 4a), for foam converted in railar manner. This corresponds to
essentially isotropic negative PR response of fargagnitude ¥ ~ -0.2) in tension than
compressiony ~ 0, Figure 4b). Conversion with and without paxibited little difference
in the PR response of foams converted with uniforaxial compression (Figure 4b).

Turning to the foam converted with non-uniform coegsion, it is clear that a
gradient foam in terms of mechanical response ditiath to structure, noted above, has been
produced through the use of pins and foam of &mifft shape to the mould. The VCR = 2.9
region displays very similar PR vs axial straing(ife 4c) data to the foam sheets converted
with uniform triaxial compression (Figure 4b), asended. The VCR = 1 region undergoes
lateral contraction under axial tension (Figure, 4ajilar to the unconverted foam, although
the magnitudes of the positive PRs are higherferMCR = 1 region of the gradient foam
(Figure 4c). The positive PR response is maintaineder low (<5%) strain axial
compression (Figure 4a and 4c). However for congresstrains greater than 5%, the VCR
= 1 region undergoes lateral contraction under |axtempression (Figure 4a) and, thus,
transitions to negative PR behaviour (Figure 4d)e Through-thickness plane shows large
anisotropy in this case, with, ~ -0.6 andv,; ~ 0 at compressive loading strains ~10-15%.
The tensile PR response of the VCR = 1 region efgiiladient foam was found to be sensitive
to repeat testing, decreasing in magnitude withe@sing repeat testing (Figure 4d).

The stress-strain responses of the unconverted &ahthe VCR=1 quadrant of the

gradient sheet include the presence of a plateaetonnder 5% compression for the
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unconverted foam (Figure 5a). The triaxially conggel samples exhibit increased elastic
resilience (longer linear stress-strain responsdeucompression (Figure 5a). The triaxially
compressed foam stress-strain data display lowsiléeslope and higher compression slope,
corresponding to lower tensile and higher compves¥ioung’s moduli, respectively (Figure
5b), than the unconverted foam. The elastic arapgtand isotropy of the unconverted foam
and triaxial compression foam, respectively, a@ragvident in the Young’s moduli data. No
clear differences were observed in the Young’'s riedata for samples converted under
uniform triaxial compression with and without pir{Eigure 5b).[Insert Fig 5 (and
Figbb.csv, Figbc.csv and Figsd.csv) her g

The sheets converted with uniform triaxial compi@sslisplay the intended similar
Young’'s modulus response to the VCR = 2.9 quadratite gradient foam (Figures 5b and
5c, respectively). In the VCR = 1 region, the geadifoam displays similar Young’s moduli
trends to the unconverted foam. However, the tertsihas been increased by a factor of ~3
for the VCR = 1 region of the gradient foam (temdtf ~ 150 kPa, Figure 5¢) compared to
the unconverted foam (tensilg £ 50 kPa, Figure 5b). As with the PR responseyiheng’s
modulus response of the VCR = 1 region of the graidioam is susceptible to repeat testing,
reducing with the $and 29 tests, before stabilising under tH& @hd4™ tests (Figure 5d).

Figure 6 shows the median impact acceleration/timee in each region of the
gradient sheet. The VCR = 2.9 quadrant exhibitedean peak acceleration ~4 times lower
than the VCR = 1 region, which appeared to “bottmmti’ under impact (characterised by a
sharp increase in acceleration). Mean peak actielesawvere 43 g (s.d. = 0.1 g) and 162 g
(s.d. = 47 g) for the VCR = 2.9 and 1 regions, eetipely (Figure 6)[Insert Fig 6 (and
Fig6.csv) here]

To model the mechanical properties using the 2Dageral honeycomb expressions

(Supplementary Material), we introduce a combinedcd constant parametek, =
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KhKf/[Kh + Kf]. The force constants can be related to the gegneeid mechanical
properties of the ribs (and their junctions) [35¢r the parameters used in this wdfk/Ks ~
0.004 to 0.04, depending on whether hinging ocau@sbending or shearing of the rib
junction [35] (Supplementary Material). To show #féect of processing-induced changes in
foam structure on the effective PR, Figure 7a shibnes,, expression and the predicted vs

B« trends forK/Ks = 0 (flexing/hinging), 0.004, 0.04 and (stretching), whei, = 1.2,l, =

1 and rib thicknesb,, = 0.2. These parameters provide a slight elongaifothe cell along
the rise (z) direction whefly, = 30° (see cell schematics beléw axis in Figure 7a), and are
taken as the simplified 2D representation of the u8igdonverted foam structure in the x-z
plane (Figure 3b). The curves for finite values Kpf/Ks lie between the stretching and
flexing/hinging extremes, with the (lowek)/Ks = 0.004 curve closest to the flexing/hinging
case. Points A, B and C on tKg/Ks = 0.004 curve in Figure 7a correspond to honeysmb
gualitatively approximating the observed cellulaustures in the x-z plane, shown in Figure
3, for the unconverted foam and VCR = 2.9 and Migra foam quadrants, respectively.
Points A and B lie in regions of clear positive andgative predicted values of;,
respectively, whereasg, varies dramatically (from negative through zer@utsitive values)
for small variation irBy, around point C[Insert Fig 7 (and Fig7a.csv and Fig7b.csv) here]

As an example of predicted off-axis properties,urég7b shows the variation of;
for rotation about the y axis, normal to the x-ar@, by angle wheno,, = 0° (see insert to
Figure 7b) forKp/Ks = 0.004 and 0.04. This example, then, approxim#tesVCR = 1
guadrant of the gradient foamz(p) = 0 whene = 0 and 90°, is positive when Og<< 90°,
and is symmetric aboup = 0 and 90°. The maximum value @f(¢p) increases, and is
approached more rapidly, @sncreases from 0 for the lowKk/Ks value, occurring ap = 26

and 15° wherKy/Ks = 0.04 and 0.004, respectively. A range of 5 < 15° produces
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predicted positivevy,(¢) values for Ki/Ks = 0.04 and 0.004 of similar magnitude to the
experimental,, value at zero strain (Figures 7b and 4c, respagdiv

For comparison with the experimental strain-dependesthanical properties we use
Equations (1) and (2) to plot the predicted vasiaf v,,(¢) with loading strain for the VCR
= 1 quadrant of the gradient foam (Figure 8a, daslueve). The predictions ubg, = 1.2,14;
=1,bx, = 0.2,04, = -0.1°,¢0 = 10° andK/Ks = 0.004 (KK} = 9, KJK}, = 225). The value of
¢ = 10° lies in the middle of the range identifidabae, and the (arbitrary) near-zero choice
of 6x;(0) = -0.1° was employed since Equation (2) is indeteate wherb,,) = 0. There is no
component of the applied x-directed force to cdleseng or rotation of the ribs of length,
when they are aligned along the x direction (i.eemby, ) = 0). The model of concurrent rib
hinging/flexure with stretching is then invalid ihis case. The model is, however, valid for
non-zero values d,), and predicts trends in broad agreement with gpe@mentalv,, vs
ex data (filled diamonds, Figure 8a) whég) = -0.1.[Insert Fig 8 (and Fig8a.csv and
Fig8b.csv) here]

We next consider the same x-z plane, and geomleamchforce constant parameters,
but now due to loading along the z direction. T7hé&p) vse(o9) trend (dot-dash line in Figure
8a) is in good agreement with the experimental agesgion data (filled squares). No
experimental tensile data are available for conspari

The x-y plane comparison betwegn vs ex predictions (dotted line) and experimental
data (filled triangles) is also shown in Figure Bhe x-y plane model predictions emplay
= lyy = 1, by = 0.2 anddyy = 30° since the cell structure in the x-y planethe VCR = 1
guadrant of the gradient foam is similar to thath® unconverted foam (Figures 3a,c) and
they replicate the symmetrically equivalent x- andirected mechanical properties. No
rotation of axes was considered for the predictgdoiane properties (i.&x = 0°). Thevyy vs

ex model predictions follow the experimental trendasonably well when employing a value
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of Kni/Ks = 0.3 (by reducing ¥K; to 3). This is significantly higher than the valuged in
the x-z plane predictions, and corresponds toftemsing of the rib flexing and/or hinging
mechanisms relative to the rib stretching mechairsthe x-y plane.

The model parameters used in the PR predictions pieduce Young’'s moduli
(normalised to the respective zero strajnvBlue) vs strain trends in reasonable agreement
with experiment (Figure 8b). There arg model predictions from each of the x-z and x-y
plane parameters, with the trends from the x-zelaarameters in particular reproducing an
enhanced drop off in,&n compression.

4. Discussion

We have shown here that through-thickness pins lmanused to control local
compression levels to fabricate large gradient foaheets containing regions with
dramatically different structures and propertielse Tontrolled production of desired auxetic
regions (within pre-defined quadrants and with VER.9) has been shown. The VCR =1
regions display a novel transition from positive rtegative PRs moving from tensile to
compressive loading (Figure 4c), and possess highilgotropic cellular structure (Figure 3c
& 3d) and mechanical properties (Figure 4c, 4d&5d). The use of pins for local control of
compression or tension in the thermo-mechanicaVe&mon process used in this paper can
be extended to the alternative solvent [15] and pressed carbon dioxide [16] foam
conversion routes.

The observed structures and mechanical propertiéseounconverted and uniform
triaxial compression-converted foams are consisteith previous reports [12,28,38].
Uniform samples fabricated with pins exhibited meac difference in mechanical properties
to those without. For the production of homogenefmasns, pins are then expected to be
most beneficial when applying compression to thinsleeets than those fabricated here

(where folding can prevent uniform planar compm@ssiand thicker monoliths to aid
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insertion into the mould and minimise density geads/variation. The conversion of thicker
samples may also benefit from the addition of ahagonal set of pins in a modified mould.
Metallic pins, such as those used here, are expectaid heat conduction through thicker
samples.

The PRs and Young’s modulus of the VCR = 1 regibrthe gradient foam both
reduced with repeat testing until stabilising ambtine 4" test (Figures 4d and 5d). Reduced
mechanical properties in both auxetic and conveati@pen cell PU foams under cyclic
loading have been reported previously, with mostrekese occurring over the first few
loading cycles [39].

When the gradient sheet was impacted in the ztireat 6 J, peak acceleration was
~4 times lower for the VCR = 2.9 region than theR/€ 1 region (Figure 6). In both cases
the compressiver;x ~ 0 (Figure 4c) and so PR cannot account for ftifferent impact
responses. It is likely due to the compressive éahgnodulus (beyond ~5% compressive
strain) being close to zero for the VCR = 1 reg(figure 5c), resulting in the material
offering little resistance to the impactor, the gdartbottoming out’ and exhibiting a higher
peak acceleration. Nevertheless, the ability to ifgachpact response in a one-piece foam is
demonstrated, leading to potential applicationssport, healthcare and defence apparel
requiring localised impact protection (e.g chest ahoulder regions in rugby), for example.

Our extension of the existing model of a hexagohaheycomb deforming by
multiple mechanisms [35] allows predictions as lcfion of strain, and provides increased
insight into the mechanisms giving rise to the expental foam mechanical properties.
Reasonable agreement between experiment and @ediobperties is demonstrated for the
VCR =1 quadrant of the gradient foam (Figure 8).

For reasons of brevity, a comparison of model axpeemental strain-dependent

properties is not reported for the unconverted foaon for the foam converted with uniform
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triaxial compression or the VCR = 2.9 quadrantgh&f graded foam. We can, however,
gualitatively infer the expected trends from Figuee for these cases. Consider, firstly, the
structure and properties in the x-z plane of theonmerted foam, indicated by point Atat

= 30° and the schematic cell inserts figr> 0° on thevy, vs 0y, plot of Figure 7a. Increasing
0x; beyond 30° leads to a narrowing of the cell alttregx direction and thus corresponds to a
compressive stress,( < 0) applied in the loading (x) direction. Simiigrdecreasingy;
below 30° corresponds to a tensile stress>(0). In this case, the positive valuevpf at 6,

= 30° decreases under compression, and increasles tansion, and is consistent with the
experimental, vsex data for the unconverted foam (Figure 4b).

A similar consideration can be extended to poiri6,8 = -30°) in Figure 7a, assumed
to approximate the re-entrant cell structures ef ttihexially compressed foam and also the
VCR = 2.9 region of the gradient foam (Figure 3fe predicted negative value waf at 64,
= -30° decreases in magnitude under compres$igr<(-30°), and increases in magnitude
under tension6; > -30°), along x. This is also consistent with éx@erimentaly, vs e, data
for the foam converted under triaxial compressang the VCR = 2.9 region of the gradient
foam (Figures 4b and 4c).

The equivalent honeycomb structure for the x-zguoopn of the VCR = 1 region of
the gradient foam (Figure 3d) correspond®,to~ 0°. In this case, the reconciliation of the
experimental and model data trends required a derstion of the off-axis properties [35].
There is a suggestion that buckling of the ribthim x-z plane of the VCR = 1 region of the
gradient foam may be accompanied by some re-otientaf the pores (insert in Figure 3d),
and perfect alignment of the irregular pore streetwith the testing direction would be
difficult, if not impossible, to achieve in praaticin any event. It might be expected,

therefore, that some off-axis loading of cells asda practice. The value @f~ 10° required
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to reproduce the experimental, value at zero strain (Figures 7b and 4c, respagiv
appears reasonable and consistent with Figure 3d.

No rotation of axes was considered (ipe= 0°) for the x-y plane properties of the
VCR = 1 region of the gradient foam, since theradsclear experimental evidence for this
from Figure 3c, and isotropic properties are priedicby the model for the undeformed
honeycomb in this case. Reasonable agreement wjikrienentalvy, vs & trends was
obtained when employing an apparently high valu&pKs = 0.3 in the model predictions.
Buckling of ribs in the through-thickness (z) diiea was observed following conversion
(Figure 3d), and this is not evident in the praactof the structure in the x-y plane (Figure
3c¢). In which case, hinging may be mediated by @ostiffness) rib bending in the x-z plane
and (higher stiffnessKys increasing) shearing of junction material in they »plane.
Additionally, compression along x leads to an iasexl buckling of the ribs along their
length, along with increased rotation out of the plane, both leading to a decrease in their
projected length in the x-y plane. This will be aiagh lower stiffness Ks decreasing)
contribution to the apparent rib stretching meckianihan actual stretching/contraction of the
rib material itself. Taken together, these 3D dffdead to the potential for fKs >> 0.04
(the upper limit for deformation due to stretchiagd shearing of rib material in the 2D
system), consistent with the value gf/Ks = 0.3 required in the model predictions.
5. Conclusions

The cellular structure and mechanical propertiespain-cell PU foam can be altered
by changing the compression regime applied in tieenhbo-mechanical conversion process.
Control of localised compression can be achieveceiploying pins inserted through the
foam. Triaxially-compressed sheets fabricated whtlough-thickness pins exhibited similar
properties to those fabricated without pins, sutiggsiegligible effects due to densification

and creasing surrounding pin holes. The pins ctatrccompression levels effectively to

19



enable the fabrication of heterogeneous sheetsarh fhaving regions displaying markedly
different cellular structure, and mechanical andoant properties. A consideration of
projections of the cellular structure in terms omglified idealised 2D honeycombs
deforming via simultaneous flexing, rotation anceshing of the cell ribs can explain the
observed mechanical properties reasonably well.
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Transition Region
Max LCR=0.

. -

Figure 1. Compression mould. @) Mould lower section, b) Design of acrylic template defining overall shape and
pin spacing for the non-uniform sheet (dimensions in mm), c) Assembled lower mould section and pins, with
horizontal rods to compress bulges, d) Assembled mould and pins, with horizontal lid to apply through thickness

compression.
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Figure 2: Test sample locations. Tensile (%) and compression quasi-static test sample locations (M) for: @ Non-

uniform sheet (X marks impact locations), b) Uniform compression conversions [1=Corner, 2=edge, 3=outer

ring created by pins, 4 = 2nd ring, 5=central two rings]. All dimensionsin mm, sheets 20 mm thick.



T—)Ix' " Transition: 1.5 mm

Figure 3: Foam micrographs. Unconverted R30FR foam a) x-y plane and b) x-z plane; VCR = 1 quadrant of
gradient sheet ¢) x-y plane and d) x-z plane; VCR = 2.9 quadrant of gradient sheet €) x-y plane and f) x-z plane;
g) Uniform triaxially-compressed auxetic sheet with pin hole and surrounding creases (marked); h) Defined line
region between VCR = 1 region (top of image) and higher density transition region (bottom of image) in the

gradient sheet (marked). Insertsin b & d include detailed images blown up to 1.5 times the main image.
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Figure 4: PR responses. a) Lateral vs axial truginsfor VCR=2.9 uniform triaxially-compressed sdelp
converted with pins, unconverted (UC) sample andR¥C gradient sheet sample, b) PR vs axial truénstoa
UC and uniform triaxially-compressed samples, c)\WRBRaxial true strain for gradient sheet sampleSR¥1
tensile data fromSiand 2° tests performed on each sample — see text) aRd)s axial true strain for all
tensile tests on VCR=1 region (gradient foam), gesliaccording to tests 1 and 2, and tests 3 angle¢ text).

Error bars =1 S.D.
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Figure 5: Tangent moduli responses. a) Stress vs axial engineering strain for VCR=2.9 uniform triaxially-
compressed sample converted with pins, unconverted (UC) sample and VCR=1 gradient sheet sample, b)
Tangent modulus vs axial engineering strain for UC and uniform triaxially-compressed samples, c) Tangent
modulus vs axial engineering strain for gradient sheet samples (VCR=1 tensile data from 1% test performed on
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Separated into test number. Error bars=1 S.D.
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Figure 8: Mechanical properties vs strain predittioa) Directional PR predictions (curves) andeexpental
VCR=1 (gradient foam) data (symbols) vs loadingistrv,, andv,, predictions for , = 1.2, |, =1, i, = 0.2,
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(x-z fit) model expression is shown as an exemplar.



