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Abstract 

We tested whether conventional and auxetic (negative Poisson’s ratio) foam indentation 

response fits with classical indentation theory. We first made foam cubes with 20 to 25 mm 

sides, and Poisson's ratios spanning negative and positive values (-0.35 to 0.3). These foam 

cubes were compression tested, and indented by the curved face of two cylinders (10 and 50 

mm diameters) and a stud (12 mm diameter), to 20% of their thickness. Full-field true strains 

were measured by digital image correlation, to obtain Poisson’s ratios and to study foam 

deformation during indentation. Indentation force vs. displacement was measured and 

calculated using incremental Poisson’s ratios and tangent moduli. Normalised root mean square 

errors between measured and calculated indentation forces were ~5% of measured values. 

Foam densification during indentation, and compression towards sample edges, increased with 

the magnitude of negative Poisson's ratio; these may both increase indentation resistance 

beyond predictions from indentation theory.  
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 Auxetic materials with their negative Poisson's ratio (NPR) have some enhanced or 

extreme characteristics [1,2], which are covered in various textbooks and reviews (e.g., [3–

11] . Indentation resistance, or hardness (H), is the pressure required to compress an elastic 

half-space with an indenter, such as a sphere or flat ended cylinder (radius R), to a specific 

depth (h) [12]. Considering contact incidence (summarised by x), contact area (A), and force 

(F), the indentation resistance of an isotropic material is related to Poisson's ratio (ν) and 

Young's modulus (E), by [12–14]: 

𝐻 ൌ F
𝐴ൗ ∝ ቀ ா

ሺଵିజమሻ
ቁ
௫
      (1) 

 
Indentation hardness has the dimensions of pressure. So, it may be argued that Equation 1 

provides exact solutions when x is 1 [15], but has been applied to approximate for other 

indenters (e.g. a sphere, with x = 2/3 [13]). According to Equation 1, the maximum indentation 

resistance of isotropic materials of a given Young's modulus occurs when Poisson's ratio is -1. 

For indentation with a flat ended cylinder (referred to herein as a stud), x is expected to be 1 

[13,16], and indentation force is [17–19]: 

𝐹 ൌ 2𝑅ℎ ா

ሺଵିఔమሻ
      (2) 

Considering indentation by the curved face of a cylinder (referred to herein as a bar), 

contact force can be approximated as [18,19]: 

𝐹 ൎ  గ
ସ
𝑙ℎ ா

ሺଵିఔమሻ
       (3) 

whereby l is the length of contact. Note the bar’s radius is not in Equation 3, meaning contact 

area is unknown, so Equation 3 should always be verified or validated before use [20]. 

Equations 1 to 3, and others describing Hertzian indentations [12], have four key 

assumptions: i) The surfaces are continuous and have non-conforming profiles; ii) the area of 

contact is much smaller than the contacting bodies; iii) the strains are small and purely elastic; 

iv) the contacting surfaces are frictionless. In assumptions ii) and iii), “small” is not defined. 
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 Open cell [2,21,30–32,22–29] auxetic foams are well suited to test theory (like 

Equations 1 to 3), as we have good knowledge of how to make them [21–27], particularly 

thermo-mechanically [2,28–32]. Such thermo-mechanical fabrications use a tri-axial 

volumetric compression ratio (VCR, original/compressed volume) to buckle foam cell ribs 

[2,28–32], which are then fixed over time by heating and cooling. These fabrications increase 

foam density, change Young's modulus, and can remove the tendency for open cell foam to 

undergo plateauing of the stress vs. strain response as cell ribs buckle (typically beyond ~5 to 

10% compression) [2,29,30,33].  

 The effect of NPR on indentation theory has been broadly shown when comparing 

auxetic and conventional (positive Poisson’s ratio) open cell foam [34–36], microporous 

polyethylene [13,37], and through Finite Element Analysis (FEA) [38–41]. Auxetic foam [34–

36] and microporous polyethylene [13] had higher indentation resistance than their 

conventional counterparts. Agreement with indentation theory (Equation 1) for tests of 

microporous polyethylene was shown at low indentation loads [13]. In a comparative 

indentation test, an auxetic foam (ν = ~-0.7) had over three times higher normalised indentation 

force (F/E) than a zero Poisson's ratio one [35]. 

Some analysis of auxetic and conventional foam has also considered characteristics 

beyond Hertzian indentation theory. Increasing friction between a sample and indenter is 

thought to increase the effect of Poisson’s ratio on indentation resistance [39,42]. Auxetic foam 

can conform around an indenter [43], increasing the effect of friction, or compress more evenly 

than conventional foam (and by more overall) around an indenter [35,38–41,44]. These 

examples appear to differ, with auxetic foam either conforming around an indenter or 

remaining flat. To attribute the conforming profile of the foam purely to NPR does not reflect 

differing Young’s (and so shear) modulus between auxetic and unconverted foam samples.  
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A detailed confirmation of the specific effects of NPR, by direct comparison to 

indentation theory (Equations 1 and 2), remains largely unresolved. Here, we create and test 

the fit of discrete (strain dependent) models (from Equations 2 and 3) using quasi-linear 

isotropic foams with Poisson's ratios between -0.35 and 0, and non-linear, anisotropic 

unconverted foams Poisson's ratios of ~0.4 [28,45]. Vector mapping of surface deformation 

and full-field strain measurements quantify further potential benefits of NPR, including 

densification [36] and changes to the upper surface profile [35,43,46]. 

 Methods 

2.1. Sample fabrication 

Open cell foam samples (PUR30FR, Custom-foams, 32 × 32 × 96 mm, cut by the supplier) 

were thermo-mechanically converted using a process used before [28]. Conditions (VCRs of 

2.2 to 5.0) were selected to give a range of negative (~-0.35) to near zero Poisson’s ratios, and 

quasi-linear stress vs. strain relationships [28,47]. Isotropic compression in metal moulds with 

tri-axial VCRs of 2.2, 3.0 or 5.0 was followed by heating in an oven (MCP Tooling 

Technologies LC/CD), at; 160 °C for 20 minutes (VCR = 5.0), 160, 170 or 180 °C for 20 

minutes, 180 °C for 60 minutes (VCR = 3.0) or 180 °C for 60 minutes (VCR = 2.2).  

Six foam samples were fabricated for each time, temperature and VCR combination, 

then cooled to room temperature in their moulds (30 to 60 minutes). Fabrication, storage and 

testing was in air-conditioned rooms with temperatures of ~20 to 25 °C and relative humidity 

of ~30 to 60%, close to the ~23 ± 2 °C and 50 ± 5% in ASTM D3574 − 11 [48]. After cooling, 

residual stresses were removed by manually stretching the foam samples [26,28,29] to ~10% 

strain for five cycles at about five seconds per cycle, during which they partially expanded. 

Fabricated samples were laser cut into 20.5 to 25.5 mm sided cubes (Trotec 10000) the day 

after fabrication, making two cuts perpendicular to sample length. The central cube cut from 

each converted foam sample was used for compression and indentation testing. Comparative 
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unconverted ~20.5 mm sided foam cubes were included, laser cut from the 32 × 32 × 96 mm 

cuboids.  

2.2. Mechanical testing 

 Compression (flat plate) and indentation tests (Figure 1) began two days after 

fabrication and took a week to complete, for each group of samples. The standard for 

indentation testing foams (ASTM D3574 − 11 [48]) specifies a cylindrical flat punch indenter, 

with a diameter (200 mm) about half that of the foam samples (380 × 380 × 100 mm). Sample 

dimensions were smaller than those stated in ASTM D3574 − 11, as is common in this type of 

work [25,30,36,49], as large auxetic foam samples are prone to manufacturing imperfections 

[29,49–51]. So, to maintain relative indenter to sample size, smaller indenters than in the 

standard were used. 

Tests were on an Instron 3367 with a 500 N load cell, sampling at 25 Hz, with an applied 

strain rate (or equivalent) of 0.0067 s-1 and a preload of 0.04 + 0.01 N. Tests were filmed (Nikon 

D810, 28–300mm lens, 1,920 × 1,080 p, 25 fps) for full-field engineering strain measurement 

by two-dimensional digital image correlation (DIC, GOM Correlate 2016). Indentation to 20% 

of sample thickness parallel to the z-axis, with recorded transverse deformation along the y-

axis, was undertaken (Figure 1). Three indenters were used; the curved face of 10 and 50 mm 

diameter bars and the end of a 12 mm diameter metal football stud (a scaled down version of 

the test in ASTM D3574 − 11 [48]). Tests to 20% compression in the same orientation as the 

indentation tests were undertaken before and after each indentation test, to obtain incremental 

Young’s modulus and Poisson’s ratio to apply to Equations 1 to 3. Compression tests to 10% 

compression in the x- and y- axis and measured transverse engineering strain along the z- or x-

axis (respectively), were also done at the start and end of the study, to confirm isotropy or 

account for anisotropy in the analysis.  
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Figure 1: Indentation test set up, including speckle pattern and target area (yellow) for DIC, and schematics 
showing indenter dimensions, for a) 12 mm studded, b) 50 mm cylindrical & c) 10 mm cylindrical indenters. 
Additional schematics in (a) show segmentation, used to calculate the ratio of outer/inner compression during 
indentation, and axis naming of unconverted foam in relation to cell rise.  

 Axial and transverse engineering strains were obtained by DIC [50,52,53] during 

indentation and compression tests, then converted to true strain (εt = ln(1+ εe)). Powder coating 

(Laponite RD, BYKAdditives) was applied to the front face of each sample (Figure 1) to 

enhance the speckle pattern provided by the porous foam surface [28]. DIC facet sizes were 

between 25 and 35 pixels (0.04 to 0.06 mm/pixel), standard accuracy (max intersection 

deviation = 0.3 pixels and minimum pattern quality = 1.1) and matching against the previous 

stage (due to the large strain range) were selected. All samples were measured (Vernier 

Callipers) before each test (i.e., thirteen times each), to calculate engineering stress and strain 

from force and displacement data from the uniaxial test device (Bluehill 4.0, Instron, 

Massachusetts, USA), and final volume ratio (FVR, original/final volume). Note that FVR is 

often different to VCR, as FVR includes any volume change that can happen after fabrication 

[28]. 

Straight lines fitted to transverse vs. axial true strain data were used to obtain Poisson's 

ratios (the product of -1 and the trend line slope) in all three orthogonal planes (νxz, νyx, νzy). 

Young's moduli were calculated similarly from the test device true stress and strain data. The 
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cross sectional area for true stress was corrected according to incremental transverse strain, 

assuming samples were transversely isotropic. Tangent moduli and Poisson's ratio were 

calculated at 5 and 10% engineering strain increments for each sample, and are shown to 10% 

strain, with the 5% increments used in the indentation analysis. 

2.3. Indentation Analysis 

To test fit between Equations 2 or 3 and experimental data, incremental tangent moduli (Ez) 

and Poisson’s ratios (νzx) were calculated over 5% applied true strain increments. Incremental 

force constants (ki = ∆F/∆h) were calculated from Equations 2 and 3, and used to calculate 

incremental forces (Fi): 

     𝐹௜ ൌ 𝐹௜ିଵ ൅  ௞೔∆௛
ଶ

      (4) 

whereby hi = 2.5% of foam thickness, ∆h spans hi-1 to hi+1 and F0 = h0 = 0.  

For the small bar (R = 5 mm), indentation depth (h ≈ 4 mm) was only slightly smaller than 

indenter radius. Assumptions such as the contact radius being approximately √2Rh (e.g., as 

described by Popov [17]) would not apply. As approximate solutions for such large relative 

depth cylindrical indentations diverge, Equation 3 was replaced with an asymptotic equation 

derived by Argatov et al., [54].      
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 ൠ   (5) 

with the notation:  

𝐹଴ ൌ  గ୉
∗௟௧మ

ସோ
,ℎ଴ ൌ  ௧

మ

ସோ
,𝐷଴ ൌ 2𝑑଴ െ 2𝑙𝑛2,    (6) 

 𝐷ଵ ൌ
ଷௗభ
ଶ

,𝐷ଶ ൌ 𝑑ଵ
ଶ ൅ ହௗమ

ଶ
,𝐷ଷ ൌ

ଵ଻ହ

ଷଶ
𝑑ଷ ൅

ଶହௗభ
ସ
𝑑ଵ𝑑ଶ ൅

ହௗమ
଺
𝑑ଷ

ଷ  (7) 

whereby t is foam thickness, E* is effective modulus (E/(1-ν2) for isotropic elastic materials), 

and d0 to d3 are constants that are independent of elastic properties (d0 = 0.3517, d1 = -0.521, 

d2 = 0.1349, and d3 = 0.0346 [54]). We solve for F numerically, by iterating values for F 
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between 0 and a value larger than any of those in the experiments (150 N) in 0.001 N 

increments. We then used the converged minimum magnitude of the difference between the 

left and right hand sides of Equation 5. As the unconverted samples were expected to be 

anisotropic (with transverse isotropy) [28], the effective modulus (for all indenters) was 

corrected – based on examples presented by Popov [55]: 

E∗ ൌ  
ଶ ඥீ೤೥ ൈ ሺா೤ா೥ିሺఔ೥೤ா೤ሻమሻ 

ඥா೤ ൈටሺඥா೤ா೥ାఔ೥೤ா೥ሻ ൈ ሺఔ೥೤ா೥ାଶீ೤೥ାඥா೤ா೥ሻ 
   (8) 

Incremental values were used for axial Ez and νzy, as with analysis of other samples. Transverse 

strains were assumed to be small (<5%), so constant Ey and νyz measured up to 5% compression 

were used. Shear modulus (Gyz) was calculated from compression test data, based on Huber’s 

geometric averaging method [56,57]: 

𝐺௬௭ ൌ  ඥா೤ா೥

ଶሺଵାඥఔ೤೥ఔ೥೤ ሻ 
      (9) 

To account for differences in stiffness between samples, indentation force was normalised 

to mean Young's moduli (Ez), measured up to 5% true strain before and after each indentation 

[35]. Mean predicted and measured indentation forces for each group of samples, at each 2.5% 

increment, were calculated. Normalised root mean square errors (NRMSE) assessed model fit, 

based on the observed unbiased distribution of the differences between measured (Fm) and 

calculated (Fc) forces [58]: 

𝑁𝑅𝑀𝑆𝐸 ൌ
ටభ
೙
∑ሺி೘ିி೎ሻమ

ெ௔௫ ி೘
      (10) 

for the n = 7 data points comprising Fc and Fm data at the same indentation depths. 

2.4.  Indentation strain mapping 

Vector plots of virtual facets placed manually in a grid (5 × 4) on foam samples showed 

localised material deformation during indentation. To show whether observations from vector 

plots were reliably seen, strain mapping during indentation was applied to samples with ~25.5 
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mm sides, but different expected Poisson's ratios of -0.2 and zero [28]. Firstly, pseudo Poisson's 

ratios (from the indentation tests) were measured from straight lines fitted to mean axial and 

transverse true strains (DIC, Figure 1), up to maximum indentation depth (named pseudo 

Poisson’s ratios because these are not determined from strict uniaxial loading in the indentation 

tests and so these are not true Poisson’s ratio measures). Agreement between pseudo and true 

Poisson’s ratios (from the compression tests) were assessed using a Bland-Altman analysis 

[59,60].  

Central and edgewise axial compression was also compared during indentation tests to 

determined how uniform axial compression was across sample faces. Faces were split into three 

segments in the DIC software, reaching to half sample thickness: an inner 10 mm wide segment 

and two outer segments, each ~7 mm wide (Figure 1a). The ratios of mean axial compression 

in the two outer segments to those of the inner segment were calculated, with a higher ratio 

(i.e., closer to 1) corresponding to more even compression, and hence more overall 

compression. A between group's student's T-test (z = mean difference/pooled standard 

deviation, with six samples per group) was used to show the effect size between each group 

and indenter. The probability of falsely rejecting the null hypothesis, wrongly concluding that 

auxetic and zero Poisson’s ratio foams had different ratios of outer to inner compression, was 

set at 5% (z > 1.96, p < 0.05 [61]).  

 Results 

3.1. Characterisation 

 Mean final volume ratios FVRs through the course of testing (Figure 2a) were close to 

the imparted VCRs for most samples. Samples fabricated at 160 °C for 20 minutes partially 

expanded to give a mean FVR of 2.2 (VCR = 3.0) or 3.3 (VCR = 5.0), as intended [28]. The 

honeycomb-like structure of the unconverted foam (Figure 2b) became quasi-re-entrant and 

contorted following conversion (Figure 2c). There was no noticeable difference to cell structure 
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nor shape following prolonged heating (Figure 2d). As expected [2,28,62], cell rise (Figure 2b) 

was not evident after the re-entrant structure was adopted (Figure 2c & d). 

 
Figure 2: a) Mean Final Volume Ratio (all samples). Error bars show 1 standard deviation. X-axis naming is 
conversion temperature (before dash, °C) and time (minutes), for all samples fabricated with VCR=3. VC2 were 
180 °C, 60 minutes with VCR=2.2, VC5 were 160 °C, 20 minutes with VCR = 5. b) to d) Magnified images (Leica 
S6D) of 1 mm thick slices of b) unconverted foam, c) auxetic foam (160 °C-20 in (a)), d) ~zero Poisson's ratio 
foam (VC2 in (a)). Annotated inserts show a cell enlarged by a factor of two, cell rise in b), and identify positive 
or negative rib angles. 

 Transverse vs. axial true strain, and true stress vs. strain relationships, were quasi-

linear; other than the unconverted foam which plateaued beyond ~5% compression (Figure 3). 

Poisson's ratios were as expected based on prior work [28,49]. Converted samples were 

approximately isotropic (within one standard deviation), with Poisson's ratios from ~-0.35 to 

~0 (Figure 4a). The lowest Poisson’s ratios (~-0.35) were achieved following re-expansion 

from a VCR of 5.0 to an FVR of 3.3. Unconverted samples had anisotropic and positive 

Poisson's ratios of ~0.25 or ~0.35 when compression was perpendicular or parallel to cell rise 
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(z), respectively (Figure 4a). Unconverted foam's Poisson's ratios were higher (~0.50) when 

measured up to 5% rather than 10% compression (Figure 4a), as expected (Figure 3c).  

 
Figure 3: a) Contour plot showing transverse engineering strain for an auxetic (VCR = 5, 160 °C, 20 minute, 
sample) at 20% compression; b) transverse vs. axial true strain (select samples including iso-density auxetic and 
near zero Poisson's ratio samples); c) true stress vs. strain (same samples and legend as (b)).  

Young's moduli of converted samples were also approximately isotropic, and increased 

from 20 to 100 kPa with increasing heat exposure (Figure 4b). Unconverted samples had a 

Young's modulus (to 10%) close to the lowest values for converted samples (~40 kPa, Figure 

4b), as expected [46]. The Young’s moduli of unconverted foam up to 5% compression were 

60 to 80 kPa depending on the orientation (Figure 4b), again, as expected [28].  

 
Figure 4: a) Poisson's ratios and b) Young's Moduli taken up to 10% axial for all samples, and also 5% for the 
unconverted foam. X-axis naming is conversion temperature (before dash, °C) then time (minutes), for all samples 
fabricated with VCR = 3. The 'VC2' samples were heated for 60 minutes at 180 °C for VCR = 2.2, 'VC5' were 
heated for 20 minutes at 160 °C for VCR = 5. UC is unconverted. Error bars are 1 standard deviation. 

3.2. Indentation resistance 
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The gradient of normalised indentation force vs. depth increased as Poisson’s ratio 

decreased to negative values (Figure 5), corresponding to an increase in indentation resistance. 

The indentation force vs. displacement relationships for the unconverted samples (black line, 

ν ≈ 0.4) tended to straighten as the indenter size reduced from the 50 mm to the 10 mm bar 

(Figure 5b, a then c), suggesting the onset of the buckling region became less sudden.  

 

 
Figure 5: Indentation force, normalised to Young's modulus measured up to 5% true strain, vs. indentation depth 
for the a) 12 mm stud, b) 50 mm bar and c) 10 mm bar. All data are the mean of the six samples in each group. 
Calculated indentation forces were based on Equation 4, and a) Equation 2; b) Equation 3; c) Equation 5. 
Unconverted samples effective modulus (E*) was from Equation 8 (with Ey = 70 kPa and νyz = 0.3, from Figure 
4). The ν = 0.4 group was labelled unconverted, ν = 0.0 was 180-20 and ν = -0.3 was VC5 in Figure 1. 
Supplementary Figure S1 is a similar plot showing all seven sample groups. 

 
Normalised RMSEs between measured and calculated data were ~5% of maximum 

values (Table 1), meaning 95% of data would be expected to fall within 10% of the predicted 

values [58]. Using standard analysis, rather than Equations 5 and 8, NRMSEs were ~40% for 

indentations with the 10 mm bar and for the unconverted samples.  

Table 1: Normalised RMSEs (Equation 10) (in %) between calculated and measured indentation forces  

Group ⌀12 mm Stud ⌀50 mm Bar ⌀10 mm Bar 
UC 14 8 6 
160-20 3 9 6 
VC2 4 8 6 
170-20 5 4 2 
180-20 4 4 3 
180-60 4 3 1 
VC5 2 7 9 
Combined 5 6 5 

 



  Page 13 
 

3.3. Indentation strain mapping  

 Vector plots (Figure 6a to c) show auxetic foam (ν ≈ -0.3) contracted transversely 

underneath each indenter. Compression was higher underneath the indenters than towards the 

edge of samples (5 to 15%, Figure 6a and c). Compression (measured at the outer surface) was 

also lower than the applied depth of 20% on the face for the studded indenter (5 to 10%, Figure 

6b), which directly contacted the centre of the sample. Vector plots of indentation with the 10 

mm bar show a clear difference between outer and inner foam regions (Figure 6c to e). Auxetic 

foam (ν ≈ -0.3 Figure 6c) compressed more (by up to 10%) towards its edges than the zero and 

positive Poisson’s ratio samples (~5%) (Figures 6d & e). Both the near zero and NPR samples 

retained their respective low or inward transverse strain during indentation (Figure 3b, Figures 

6c & d), while the unconverted foam expanded (Figures 6e). The same trends were apparent 

for all indenters (see supplementary materials, and video).  

 
Figure 6: Vector plots of deformation at maximum indentation depth (percentage of sample thickness), a) to c) 
for an auxetic foam (ν = -0.3), by; a) the 50 mm bar, b) the 12 mm stud, and c) the 10 mm bar. d) Zero Poisson’s 
ratio and e) the unconverted samples at maximum indentation by the 10 mm bar. Due to low deformation, vector 
lengths in (e) were doubled so they can be seen. Same legend b) for all. 
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Compressive and indentation pseudo-Poisson’s ratios of near zero and NPR samples 

were similar, with a mean difference of less than -0.01 and limits of agreement between -0.04 

and +0.03 (Figure 7a). Differences in the ratio of the outer to inner axial compression were not 

seen for indentation tests with the 50 mm bar (Figure 7b), which as the largest indenter was 

more like a flat plate (Figure 6a). The ratio of outer to inner compression was higher (p < 0.05) 

for NPR than zero Poisson’s ratio samples during indentation with the 10 mm bar (z = 1.98, p 

= 0.05, Figure 7b), and the stud (z = 2.18, p = 0.03, Figure 7b).  

 
Figure 7: a) Bland Altman plot showing levels of agreement between pseudo Poisson’s ratio (νpseudo-indent) 
measured during indentation, and Poisson’s ratio measured by compression (νcomp), for two groups with the same 
dimensions but different Poisson’s ratios (160 °C, 20 minutes, VCR = 3 and 180 °C, 60 minutes, VCR = 2.2). b) 
The ratio of outer/inner compression (Figure 1), for the same group as in (e), at maximum indentation depth for 
each indenter. Error bars show 1 S.D., * indicates significant differences (p < 0.05). 

 Discussion 

 Auxetic foam samples (with Poisson’s ratios of -0.3) exhibited the highest normalised 

indentation force (F/E, Figure 5). The increased normalised force was attributed to the higher 

magnitude of tangent modulus and Poisson’s ratio (Figure 4), sustained to a higher applied 

strain (Figure 3), and was expected based on Equations 1 to 3. Indeed, we found close fit 

(NRMSE ~5%) between measured indentation forces and theoretical values (Figure 5, Table 

1). Alternative equations capable of obtaining force at high indentation depths, relative to 
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indenter radius (Equation 5), and anisotropy in unconverted samples (Equation 8), reduced 

errors by a factor of ~8 (from ~40% to 5%).  

The approximate solution provided by Equation 3 agreed with the data here (Figure 

5b). For similar indentations where Equation 3 does not fit, exact solutions are available [63]. 

Application of Equation 5 would be unsuitable when using the large indenter, with contact 

width approaching sample thickness [54]. For application of Equations 5, sample thickness 

should ideally be smaller than contact length (l), to assume an even 2D stress state [54]. With 

the similar thickness and length here, and relatively low magnitude Poisson’s ratios, the change 

in plane stress at sample outer faces (∝ E/(1-ν2) [63]) caused relatively low errors (Figure 5c). 

Deviation between calculated and measured forces were highest for the unconverted 

foams (Table 1), around the onset of foam cell rib buckling (~1 mm indentation depth, Figure 

5). Buckling was less pronounced during indentation (Figure 5) than in compression (Figure 

3), possibly due to the deforming cells being localised under the indenter, and hence there being 

fewer buckling cells. The calculated forces did not reflect the less pronounced buckling, despite 

measurement of properties across the buckling region (i.e., increment i=2 at 5% of sample 

thickness, using moduli measured between 2.5 and 7.5% compressive strain). In Figures 6e 

(and supplementary Figure S2a), the front face of the unconverted foam deforms due to 

buckling of cell ribs close to the indenter, while both converted foams (Figures 6c & d) show 

a continuous deformation gradient through their thickness. These calculated, and visible, 

differences suggest that the relatively low number of unconverted foam cells contacting the 

indenter deform differently during compression and indentation. Micropolar methods have 

better reflected the bending of foams with few cells than the classical approach used here [64], 

and could be applied to foam indentations in future work. 

 Strain vector mapping and full-field strain measurements support claims of extra 

potential benefits of auxetic materials to cushioning (including seating, packaging and 
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protective devices) [35,38–41,65,66]. Vector plots (Figure 6a to c) and pseudo Poisson's ratios 

during indentation (Figure 7a) show auxetic foam contracted transversely during indentation. 

Density would, therefore, increase more during indentation of auxetic samples than for those 

with a positive Poisson’s ratio that expanded transversely (Figure 6d & e), which may increase 

indentation resistance as foam ribs touch at higher indentation depths. 

 Samples with a lower Poisson's ratio (NPR < zero Poisson's ratio < positive Poisson's 

ratio) deformed more away from the indented area, with a 'flatter' profile (Figure 7a & b). More 

edgewise compression increased overall axial compression (Figure 3b), agreeing with previous 

work [35,38–41,44]. A larger compressed volume for auxetic foam is expected, as shear 

modulus increases relative to Young’s modulus while Poisson’s ratio decreases from positive 

to negative values [12,67]. More overall deformation would increase energy absorption, 

supporting application of auxetic foam, and other auxetic materials, to protective equipment 

and cushioning [7,43,46,51,68–72]. The measured difference in the amount of compressed 

foam between auxetic and zero Poisson's ratio samples was largest during studded indentations 

(Figure 7b). 

 From the presented findings (Figure 5), auxetic foams (ν ≈ -0.3) should reduce 

penetration in quasi-static indentations (i.e., seating, bedding, climbing/gymnasium matts and 

packaging) [51,73]. Based on the theory (i.e., Equation 1 to 3), greater benefits are expected 

from higher magnitude NPR. Further work could now confirm the effects and the presence of 

increased indentation resistance, caused by (negative) Poisson's ratios, during impacts; which 

typically cause higher indentation depths (up to ~80% of sample thickness) and strain rates 

[46,70,71].  

 Conclusions 

 Calculated indentation force was typically within ~5% of the measured force. Close fit 

between calculations and experiment confirms that the NPR of auxetic foams increases 
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indentation resistance. The highest normalised indentation forces (F/E) were observed for the 

auxetic foams (with Poisson’s ratios of -0.3). Digital image corelation and vector plots showed 

auxetic foam deformed as a flatter unit, meaning more foam was compressed, and exhibited 

more densification due to transverse contraction, than non-auxetic foams. Collected data 

provides empirical evidence to potential benefits of auxetic materials for impact protection, 

and robust validation of the underlying theoretical benefits.  
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