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ABSTRACT - Poisson’s ratio, one of the elastic constants, describes the ratio of lateral strain to axial strain
when a material is subjected to stress. The range of Poisson's ratios greatly varies in terms of material types and
their structures. Furthermore, some materials present negative Poisson's ratios which are attributed to auxeticity.
Wood material has six Poisson § ratios corresponding to the neighboring planes of the essential axes of Longitudi-
nal, Radial, and Tangential. Due to the polar orthotropic nature of wood, six of them are different, and generally
reported Poisson's ratios are positive. Limited studies focused on the auxetic behavior of wood. This study was
Jfocused on the auxeticity evaluation of poplar wood by ultrasonic testing over annual ring inclinations (30°, 45°,
and 60°). The elasticity (E,, E, and E;), and shear (G, G, and Gg,) moduli and Poisson’s ratios (g, s Hri
Urp Up, and ) were calculated. According to the results, auxetic behavior was not observed for 30° samples.
Furthermore, negative Poisson s ratios were not seen in i, and uypyin all inclinations. However, u,rand u, in 45°
and p,, and ug, in 60° presented auxetic behavior. Furthermore, higher than 1 Poisson's ratio values were also
observed, which is not common for wood material. Also, moduli were determined using a simple formula and stiff-
ness tensor. Considerable differences were observed in elasticity moduli (up to -70 % for E;), while shear moduli
were almost the same. By the increase in inclination, ultrasonic wave velocities were differently affected in terms
of increases, decreases, and oscillations. However, the impact of inclination on velocities, and all elastic constants
were statistically significant. The coefficients of determination between density and Poisson's ratios were close to
zero.

KEYWORDS: negative Poisson s ratio; Populus canadensis; ultrasonic; auxeticity

SAZETAK ¢ Poissonov omjer, jedna od konstanti elasticnosti, opisuje omjer bocne i aksijalne deformacije kada
Jje materijal izloZen naprezanju. Raspon Poissonovih omjera uvelike varira ovisno o vrsti materijala i njegovoj
strukturi. Nadalje, neki materijali pokazuju negativne Poissonove omjere, koji se pripisuju aukseticnosti. Drvni
materijal ima Sest Poissonovih omjera koji odgovaraju susjednim ravninama glavnih osi — uzduzne, radijalne i
tangencijalne. Zbog polarne ortotropne prirode drva, Sest Poissonovih omjera ima razlicite vrijednosti i uglav-
nom se navodi da su one pozitivne. Ogranicen broj istrazivanja usmjeren je na aukseticno ponasanje drva. Ovo
Je istrazivanje bilo usmjereno na procjenu aukseticnosti drva topole ultrazvucnim ispitivanjem pri kutu otklona
godova od 30° 45° i 60°. Izracunani su moduli elasticnosti (E,, Ey i E;), moduli smicanja (G, G,ri Ggy) i Poi-
ssonovi omjeri (U, p, Uip Urp Mrp M b fog)- Prema rezultatima, aukseticno ponasanje nije primijeceno na uzorcima
s kutom otklona godova od 30°. Nadalje, negativni Poissonovi omjeri nisu zabiljeZeni za Poissonove omjere iy i
Urr PP SVIm kutovima otklona godova. Medutim, Poissonovi omjeri ;i uy, pri 45° te Poissonovi omjeri ;i g,
pri 60° pokazali su aukseticno ponasanje. Nadalje, primijecene su i vrijednosti Poissonova omjera vece od 1, sto
nije uobicajeno za drvni materijal. Moduli su odredeni uz pomoc¢ jednostavne formule i tenzora krutosti. UocCene su
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znacajne razlike u modulima elasticnosti (do -70 % za E;), dok su moduli smicanja bili gotovo jednaki. Povecanje
kuta otklona godova razlicito je utjecalo na brzine ultrazvucnih valova u obliku povecanja, smanjenja i oscilacija.
Utjecaj kuta otklona godova na brzine i sve elasticne konstante bio je statisticki znacajan. Koeficijenti determina-
cije izmedu gustoce i Poissonovih omjera bili su blizu nule.

KLJUCNE RIJECI: negativan Poissonov omjer, Populus canadensis, ultrazvucni, aukseticnost

1 INTRODUCTION
1. UVOD

The auxeticity refers to the property of certain
materials to exhibit a negative Poisson’s ratio, meaning
they expand in transverse directions when stretched. In
other words, instead of contracting in the transverse di-
rection as typical materials do, auxetic materials widen
or increase in thickness. This unique behavior is a re-
sult of the internal structure or arrangement of the con-
stituent elements in the material. Auxetic materials of-
ten have a specific geometric or structural pattern that
allows them to exhibit this counterintuitive property.
This can include structures such as specialized cellular,
chiral, origami-inspired, and engineered structures, re-
entrant honeycombs (HC), certain woven or knitted
fabrics, certain foams, and crystals.

The auxetic property of materials has attracted in-
terest in various fields, including engineering, materials
science, textiles, and biomedical applications. It offers
potential advantages such as enhanced impact resist-
ance, improved energy absorption, and increased flexi-
bility in certain applications. However, it is important to
note that not all materials possess auxeticity, and the
property is specific to certain structures or compositions.

The formation of auxetic materials or structures
involves creating a geometric or structural arrangement
that exhibits a negative Poisson’s ratio, allowing for ex-
pansion in transverse directions when subjected to
stretching or deformation. The following are a few com-
mon approaches to auxetic formation: geometric recon-
figuration, material manipulation, origami and kirigami
techniques, and additive manufacturing (AM) or 3D
printing. The formation of auxetic materials often re-
quires careful design, analysis, and fabrication tech-
niques to achieve the desired properties. By leveraging
the unique properties of auxetic structures, innovative
designs, and materials can be developed for diverse pur-
poses. Researchers and engineers continue to explore
novel methods and materials to create auxetic structures
with enhanced functionalities for various applications.
For example, composite seat with auxetic springs
(Smardzewski, 2013a; Smardzewski et al., 2014), aux-
etic dowels for furniture joints (Kasal et al., 2020;
Kuskun et al., 2023, 2021), elastic properties of auxetic
cells (Wojnowska et al., 2017), AM of auxetic lattice
truss cores (Smardzewski et al., 2018), sandwich panels
(SP) with auxetic lattice truss cores (Smardzewski et al.,
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2021), seat of auxetic spring skeleton (Janus-Michalska
et al., 2013), auxetic structure of seat skeleton (Jasinska
et al.,, 2012) elastic features of wood boards with auxe-
tic cores (Smardzewski, 2013b), two dimensional (2D)
numerical simulation of auxetic foams (Pozniak et al.,
2013), synclastic SP with auxetic wood-based HC
cores (Pelinski and Smardzewski, 2022), auxetic spring
elements for elastically supporting a sitting or lying
(Smardzewski and Majewski, 2011), synclastic wood-
based auxetic SP’ stiffness (Pelinski et al., 2020), bend-
ing performance of auxetic cellular cored lightweight
wood-based sandwich beams (Pelinski and Smardze-
wski, 2020), the preparation of auxetic foams by three
dimensional (3D) printing and their features (Critchley
et al., 2013), determining the rigidity, strength and en-
ergy absorbing capacity in novel SP with HC core pro-
duced using wood which has oval cells in the auxetic
core (Smardzewski, 2019).

Apart from the abovementioned studies, the aux-
etic behavior of wood material was evaluated by lim-
ited studies for limited species. Marmier et al. (2018)
evaluated the auxetic behavior of Pinus strobus by off-
axis compression test and comparison with the finite
element analysis. The authors reported -0.02 and -0.74
negative Poisson’s ratios (NPR) in H (R 45°) direction
but the proof for the auxeticity in wood was weak and
scattered. Marmier et al. (2023) evaluated the NPR of
Picea spp, Pinus densiflora, Pseudotsuga menziesii,
Taxus baccata, Ochroma pyramidale, Betula platy-
phylla, Fraxinus excelsior, Fagus sp., Quercus gilva,
and Goupia glabra. The authors noticed that NPR,
ranging from -2.98 (Picea Jezoensis in RTL direction)
to 0.07 (Goupia glabra +T direction)), were observed
in off-axis directions, and that almost all woods with
the density lower than 800 kg/m* were auxetic. In the
literature, the NPR was generally related to off-axis
characteristics of wood. For example, Yamani (1957)
found -0.42 NPR for Cryptomeria Japonica at 30° off
the L axis. For the same inclination, Kawahara (Kawa-
hara et al., 2015) reported -0.22 NPR for Japanese cy-
press and -0.05 NPR for Kalopanax. Sliker and Yu
(1993) reported -0.37 NPR for Basswood in the 20°
off-axis. Bucur and Najafi (2003) found higher (-0.95)
NPR for Douglas fir determined by ultrasonic meas-
urements. However, the authors did not mention the
propagation angle or inclination with the essential
axes. Therefore, auxetic behavior can be observed in
both softwood and hardwood species.



When subjected to tensile stress, wood contracts
in the transverse direction and elongates in the axial
direction, following the conventional behavior of most
materials. Since a few NPR have been reported for lim-
ited species, the auxetic behavior of wood needs to be
further evaluated. Therefore, figuring out the possible
auxetic behavior of wood related to its grain angle was
the main motivation of this study particularly using the
poplar species. The influence of ring angle on elastic
constants of poplar, which has not been reported be-
fore, was also determined.

2 MATERIALS AND METHODS
2. MATERIJALI | METODE

Populus x canadensis Moench wood was used. As
can be seen in Figure 1, rings with 30°, 45°, and 60°
were marked and samples were cut. Flawless samples
(20 for each group) were conditioned at (20 = 1) °C and
65 % relative humidity till their weight became constant.
Following the equilibration, the density of the samples
was calculated according to TS ISO 13061-2 (2021).

The elasticity (E;, Ey, and E;) and shear (G,
G5, and Gy;) moduli, and Poisson’s ratios (uLR, puLT,
uRT, uRL, uTL, and uTR) were dynamically deter-
mined by ultrasonic wave propagation. EPOCH 650
(Olympus, USA) ultrasonic flaw detector was used for
propagation time measurements. Two types of waves,
shear and longitudinal, were transmitted using V153-
RM (1 MHz) and A133S-RM (2.25 MHz) contact-type
transducers (Panametrics NDT, USA) in through trans-
mission mode. Obtained times in us were used to cal-
culate axis and off-axis ultrasonic wave velocities
(UWYV) presented in Table 1. Stiffness matrix’ terms
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(Eq. 1) were calculated and inversed to determine the
compliance matrix (Eq. 2) that estimates the elastic
constants.

c, C, C; 0 0 0
C, C, Cy 0 0 0
C, C, G4 0 0 0
= 1
€=l 0 0 ¢, 0 o M
0 0 0 0 C; O
L0 0 0 0 0 Cgf

Where: C;are diagonal and C;; and C;; are off-di-
agonal terms.

L b U 0 0 0
EL ER ET
_Y L _Un 0 0 0
EL ER ET
[S]=| o )
0 0 0 5 0 0
GRT
1
0 0 0 0O — 0
GLT
1
0 0 0 0 0o —
L GLR

Where: E; is Young’s modulus, Gj; is shear modu-
lus, and v;; and v; are Poisson’s ratios.

To figure out the influence of the calculation
method, elasticity, and shear moduli were also deter-
mined using the following formulas and compared to
matrix results.

Table 1 Equations for determining matrix elements (Gongalves et al., 2014; Ozyhar et al., 2013)
Tablica 1. Jednadzbe za odredivanje elemenata matrice (Gongalves et al., 2014.; Ozyhar et al., 2013.)

Propagation-
Polarization Type of wave Equation for diagonal and off-diagonal terms
Propagacija Vrsta vala Jednadzba za dijagonalne i nedijagonalne ¢lanove
— polarizacija
Vi C,=C, = pVLZL
Longitudinal
Vir uzdztgéni Cp=Crr=p RZR
\Y C,=C,p = pVy,
Axis (L, R and T) = LS TTZ 3
Virrr Couy=Crr = (PVip +pV) /2
Shear (Transverse) 2 2
Ci=C,, = +pV: )12
VLT/TL Smicanje (popl’eéna) 55 LT (p LZT p ZL)
Virre Coo =Crp =PV, +PV12) /2
Off-axis (RT 45°) | Veggr Quasi-shear (Cyy +Cyy)nym, :i\/[(sznzz +Cynt; = pV2)Cpynl +Cyynt — pV.2)]
. Transverse
Off-axis (LT 45°) | Vipur gmzismica ) (Cs +Css)mmy =i\/[(c1 7+ Cogny = pV2NCasnf + Coynti — pV2)]
Off-axis (LR45°) |V, | "Y€ (poprecno) (Ciy + Coo)mmy =£J[(C, 12 + CyynZ = pVEYNCygni + CpyniZ = pV2)]

Where: p (kg/m) is density, Vj; is longitudinal UWV (m/s), Vj,is transverse UWV (m/s), and Va is quasi-transverse
UWYV (m/s) (Vazquez et al., 2015), n, = cosa; n, = sina, and n, = 0 for C,;, n, = cosa; ny = sina, and n, = 0 for C3,
and n*= cosa; n; = sina, and n, = 0 for C,, (Gongalves et al., 2014).
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Figure 1 30°, 45°, and 60° samples
Slika 1. Uzorci od 30°, 45° 1 60°
E=pV210° (3)  angle increased from 30° to 45° and 60°. Espinoza et

Where: E, is elasticity modulus (MPa) in the I di-
rection, p is sample density (kg/m?), and Vj;is longitu-
dinal UWV (m/s).

Gy=p (Vy+ V)2 10° “4)

Where Gj, is shear modulus (MPa) in 1J planes, p
is sample density (kg/m?®), and V;;# Vj; is transverse
UWYV (m/s) in I or J direction with J or I polarization.
The means were compared by one-way ANOVA and
post hoc multiple comparison (Duncan) was performed.

3 RESULTS AND DISCUSSION
3. REZULTATI | RASPRAVA

The density of the samples ranged from 332 to
354 kg/m?. The reported means of Populus x canaden-
sis solid wood are 334-374 kg/m? (Casado et al., 2010),
345-354 kg/m* (Aydin and Yilmaz Aydin, 2023), 395
kg/m? (Papandrea et al., 2022), 405.6 kg/m* (Hodousek
et al., 2016), 464 kg/m* (Villasante et al., 2021), and
372-468 kg/m* (YinglJie et al., 2017). As can be seen in
Table 2, the means are in harmony with the reported
averages and no statistically significant differences in
the means were observed.

The averages and statistics for UWVs are pre-
sented in Table 2, and as can be seen, Vyg, Vi and V.
were increased with the increase in ring angle, while
others fluctuated. The increase in ring angle did not
cause the same influences on the UWVs. Furthermore,
the ANOVA results reflected these differentiations as
ring inclination caused statistically significant differ-
ences (P < 0.05) in the means. Increases (Vgg, Vir, and
Vro), decreases (V,,), and increases and then decreases
(Ve Vi Vi, Vig, and Vip) were observed when the
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al. (2018) reported 1193 to 1745 m/s UWYV for yellow
poplar and figured out that UWV decreases when the
angle increases from 0° (radial direction) to 90° (tan-
gential direction) but the decreasing tendency is higher
through 30° to 60°. However, such decreases and then
increases as in this study were also reported for some
other wood species.

The 1782-1850 m/s (Vyr), 1463-1501 m/s (Vyy),
1491-1588 m/s (Vy;), 532-565 m/s (Vyr), and 504-522
m/s (Vi) (Aydin and Yilmaz Aydin, 2023) are the re-
ported UWVs for Populus canadensis. The 3360 m/s
(V10), 1850 m/s (Vyg), 1380 m/s (V7yp), 1370 m/s (Vi ),
1250 m/s (Vyy), 1140 m/s (Vyy), 1350 m/s (Vy), 670
m/s (Vyr), 650 m/s (Viy), 1510 m/s (Vg 450), 1210 m/s
(Vir 4s2), and 740 m/s (Vir 450) for Populus deltoides
(Zahedi et al., 2022), and 5433-5887 m/s (V;,) for Pop-
ulus Euroamericana (Ettelaei et al., 2019) are the re-
ported UWVs for other poplar species. Saadatnia et al.
(2016) reported L, R, and T direction UW Vs of Popu-
lus deltoids as 2900-4100 m/s (normal wood) and 3400
to 4200 m/s (tension wood), 1500 m/s, and 1000 m/s,
respectively. In general, the UWVs of this study are
comparable to the reported velocities.

Elasticity and shear moduli averages and statistics
are presented in Table 3. The 899-1211 MPa (Ey), 772-
876 MPa (G,y), and 93-111 MPa (Gy,) values were re-
ported for Populus x canadensis (Aydmn and Yilmaz
Aydin, 2023). As can be seen in Table 3, when the prop-
agation direction inclined from the essential axes, mod-
uli values dramatically differed (-76 % to -22 % for Ej,
-33.4 % to 6.5 % for Gy, and 696.8 % to 377.5 % for
G1) in comparison to (Aydin and Yilmaz Aydin, 2023).
Based on outstanding differences of G it can be as-
sumed that the propagation properties of a transverse



Table 2 Descriptives and statistics for density and UWVs
Tablica 2. Statisticka analiza rezultata za gustocu i brzinu ultrazvuc¢nih valova

Aydin, Yilmaz Aydin: Auxeticity and Wood

Properties Groups Mean Std. Dev. ANOVA
Svojstva Skupine Srednja vrijednost Standardna devijacija F. Sig.
) 30° 340 a* 2.822

Density, kg/m’ 45° 3422 (0.6) 3572 2336 0.106
gustoc¢a, kg/m?

60° 339a(-0.3) 5.665

30° 4176 a 169.515 20.522 0.000
Vi, m/s 45° 4074 b (-2.4) 28.263

60° 3960 c (-5.2) 68.162

30° 1204 b 66.907 114.622 0.000
Vi, M/8 45° 12276 (1.9) 65.274

60° 1448 a (20.3) 28.595

30° 1329 b 32.601 146.715 0.000
Vir, m/s 45° 1428 a (7.4) 39.545

60° 1238 ¢ (-6.8) 32.436

30° 1453 ¢ 10.280 40.698 0.000
Vig, m/s 45° 1496 b (3.0) 41.383

60° 1543 a (6.2) 34.703

30° 1447 b 10.137 498.816 0.000
Vir, m/s 45° 1515 a (4.7) 38.993

60° 1249 ¢ (-13.7) 25.733

30° 1410 a 25.483 130.959 0.000
Vi, m/s 45° 1427 a (1.2) 21.991

60° 1268 b (-10.1) 48.752

30° 633 ¢ 11.403 19.220 0.000
Vig, M/S 45° 667 a (5.4) 8.097

60° 655b (3.5) 27.425

30° 601b 16.370 222.621 0.000
Vir, M/8 45° 683 a (13.6) 5.202

60° 593 b (-1.3) 19.155

30° 1167 ¢ 10.927 5200.206 0.000
Vi, M/ 45° 1463 b (25.4) 14.328

60° 1592 a (36.4) 14.901

*Duncan homogeneity groups, ** difference from 30° group (%)
*Duncanove grupe homogenosti, **razlika od skupine 30° (%)

wave are in tune with radial direction and tangential po-

larization which provided similar moduli values.

Comparison of all moduli for Populus canaden-
sis was not possible due to the lack of reported data.
However, 4.52 GPa E|, 1.37 GPa E;, 0.74 GPa E, 0.69
GPa Gy, 0.62 GPa G4, and 0.17 GPa Gy, (Zahedi et
al., 2022) values of Populus deltoides, determined by
ultrasonic measurements, and 1103 MPa (Ey), 516
MPa (E;), and 132 MPa (Gy;) values for yellow poplar
(Espinosa et al., 2018) show somewhat similarity with
the results of this study except for E. Furthermore, the
results of this study can be compared to £, G and
Gy of Populus as reported by Roohnia et al. (2010).

The calculation methods have considerable nu-

merical differences in the elasticity moduli, while the

shear moduli are almost the same as presented in Table
3 and illustrated in Figure 2. However, dramatic differ-

ences were observed between the 60° groups, particu-
larly for £, and E;. The longitudinal waves do not have
polarization and through the L direction of the wood,

V1. decreased only 5.2 %, which was not such a dra-

matic decrease. The simple formula supports such an
assumption. Therefore, the interaction of the other
UWVs in the complex formulation in the matrixes
caused such a diffraction.

According to ANOVA results, inclination has sta-
tistically significant influences on the moduli. Further-
more, as illustrated in Figure 2, different tendencies
with the increase in angle were observed instead of
stable behavior, particularly for elasticity modules.
Moreover, Figures 4 and 5 show the relationships be-
tween ring angle, UWYV, and moduli.

The Poisson’s ratio ranges for hardwood are
0.297-0.495 (n.r), 0.374-0.651 (1), 0.560-0.912 (pgy),
0.213-0.496 (u1g), 0.018-0.086 (Lg), and 0.009-0.051
(up) and there are considerable variations within and
between species (Kretschmann, 2010) and higher than
one and negative values are not common for wood mate-
rial. For isotropic 2D and 3D materials in the elasticity
theory, Poisson’s ratios range from -1 to 1 (Wojciechows-
ki, 2003) and -1 to 0.5 (Mott and Roland, 2013), respec-
tively. However, large positive or negative Poisson’s ra-
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Table 3 Descriptives and statistics for moduli
Tablica 3. Statisticka analiza rezultata za module

Proper- | Groups By Equations / Prema jednadzbama By Matrix / Prema matricama
ties Skupine Mean Std. Dev. ANOVA Mean Std. Dev. ANOVA
Svojstva Srednja Standardna Srednja vrijednost | Standardna
vrijednost devijacija devijacija
F. Sig. F. Sig.
E,, MPa 30° 5937 a* 497 26.075 [0.000 | 4226 b [-28.8] *** 549 260.535 | 0.000
45° 5676 b (-4.4)** 74 5179 a (22.6) [-8.8] 340
60° 5243 ¢ (-11.7) 176 1930 ¢ (-54.3) [-63.2] 475
Ey, MPa 30° 494 b 54 119.452 1 0.000 315b[-36.2] 66 10.159 | 0.000
45° 516 b (4.5) 53 375 a(19.0) [-27.3] 48
60° 701 a (41.9) 29 291 b (-7.6) [-58.5] 67
E., MPa 30° 600 b 32 186.100 | 0.000 494 b [-17.7] 29 842.181 | 0.000
45° 697 a (16.2) 35 535a(8.3) [-23.2] 32
60° 513 ¢ (-14.5) 22 154 ¢ (-68.8) [-70.0] 35
Gyx, MPa 30° 583 ¢ 8 610.461 | 0.000 590 ¢ [1.2] 8 575.535| 0.000
45° 749 b (28.5) 26 7491 (26.9) [0.0] 26
60° 822 a (41.0) 27 822 a(39.3) [0.0] 27
Gy, MPa 30° 694 b 17 474.970 | 0.000 694 b [0.0] 17 476.918 | 0.000
45° 740 a (6.6) 22 741 a (6.8) [0.1] 22
60° 530 ¢ (-23.6) 28 530 ¢ (-23.6) [0.0] 28
Grr, MPa 30° 129 b 4 133.81510.000 130 b [0.8] 4 130.774 | 0.000
45° 156 a (20.9) 3 156 a (20.0) [0.0] 3
60° 130 b (0.8) 9 131 b (0.8) [0.8] 9

*Duncan homogeneity groups, **(%) difference from 30° group, and ***(%) difference between the calculation methods (equations and

matrix)

*Duncanove grupe homogenosti, **razlika od skupine 30° (%), ***razlika izmedu metoda proracuna (jednadzbe i matrice) (%)

6000

© o iO Equations O Matrixr
& 5000 o ©
=
2 4000 | ©
£
2
5
S 3000
S
N
22000 o
=
3
= 1000 5 5

8 8 © C) 8 o o © 0
0 o o o o o
30° 45° 60° [30° 45° 60°|30° 45° 60°| 30° 45° 60°| 30° 45° 60°| 30° 45° 60°
E, (MPa) E, (MPa) E, (MPa) G, (MPa) G,, (MPa) G,, (MPa)

Figure 2 Differences in moduli caused by calculation methods

Slika 2. Razlike u modulima kao rezultat razli¢itih metoda prorauna

tios are the fact for anisotropic elastic materials (Ting
and Chen, 2005). Furthermore, for anisotropic or ortho-
tropic 3D structures, Poisson’s ratios significantly differ
by the directions, and partial auxeticity (presents at least
one but not all the directions) is the fact for some materi-
als (Branka et al., 2011, 2012; Carneiro et al., 2013;
Narojczyk and Wojciechowski, 2010). Even though iso-
tropic materials generally present a positive Poisson’s
ratio, it was highlighted that negative values can be seen
for porous materials (Lakes, 1987). For example, Bucur
and Najafi (2003) and Murata and Tanahashi (2010) re-
ported NPRs. As seen in Table 4, partial auxeticity and
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higher than 1 Poisson’s ratios were observed. Further-
more, the influence of ring inclination on all Poisson’s
ratios is statistically significant.

Poisson’s ratio of wood can vary depending on
factors such as the specific species, moisture content,
and growth conditions. Furthermore, while it is chal-
lenging to provide precise values for all wood species,
Poisson’s ratio can also change with the direction of
measurement within the wood sample. Extraordinary
Poisson’s ratios due to inclination (20° - 45°) were re-
ported (Garab et al., 2010; Liu, 2002; Murata and Tana-
hashi, 2010; Qing and Mishnaevsky, 2010; Reiterer and



Table 4 Descriptives and statistics for Poisson’s ratios calculated by Matrix
Tablica 4. Statisticka analiza rezultata za Poissonove omjere izracunane uz pomo¢ matrice

Aydin, Yilmaz Aydin: Auxeticity and Wood

Properties Groups Mean Std. Dev. ANOVA
Svojstva Skupine Srednja vrijednost Standardna devijacija F. Sig.
30° 0.127 a* 0.0236 914.110 0.000
Mre 45° 0.065b 0.0321
60° -0.264 ¢ 0.0362
30° 0.013b 0.0325 376.768 0.000
ML 45° -0.032 ¢ 0.0384
60° 0.221 a 0.0194
30° 1.773 a 0.5016 355.338 0.000
Hir 45° 0.929 b 0.5073
60° -1.744 ¢ 0.2454
30° 0.436b 0.0862 20.370 0.000
Mg 45° 0.561 a 0.0537
60° 0.548 a 0.0607
30° 0.139b 0.2476 650.469 0.000
Her 45° -0.300 ¢ 0.3849
60° 2.749 a 0.2029
30° 0.276 ¢ 0.0681 580.268 0.000
Mgt 45° 0.394b 0.0636
60° 1.029 a 0.0908
*Duncan homogeneity groups / Duncanove grupe homogenosti
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Figure 3 Diffraction illustrations of constants in terms of separate and averaged UW'V utilization
Slika 3. Difrakcijske ilustracije konstanti u smislu zasebnoga i prosje¢nog iskoristenja brzine ultrazvuénih valova

Table 5 Elastic constant means calculated by averaged UWV using Matrix
Tablica 5. Srednje vrijednosti elasticne konstante izra¢unane uz pomo¢ matrice i primjenom prosjecne brzine ultrazvucnih

valova

Groups

Skupine E, Ey E, Grr Gy, Gix Hry, My, Mg Hrr Hir Hrr

300 4313 316 496 129 694 590 0.128 0.014 1.751 0.432 0.122 0.275
(2.06)* | (0.32) | (0.40) | (-0.77) (0) 0) (0.79) | (7.69) | (-1.24) | (-0.92) | (-12.23) | (-0.36)

450 5331 380 543 156 740 748 0.065 | -0.028 | 0.918 0.561 -0.279 | 0.392
(2.93) | (1.33) | (1.50) (0) (-0.13) | (-0.13) (0) (12.50) | (-1.18) (0) (7.00) | (-0.51)

60° 1848 278 149 131 530 822 -0.271 | 0.224 | -1.800 | 0.556 2.785 1.039
(-4.25) | (-4.47) | (-3.25) 0) (0) (0) (-2.65) | (1.36) | (3.21) | (1.46) | (1.31) | (0.97)

* % difference from constants calculated separately by matrix and then averaged (Table 3)
*%-tna razlika u odnosu prema konstantama koje su izracunane zasebno prema matrici i zatim uprosjecene (tab. 3.)
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Slika 4. 3D dijagram rasprSenosti kuta otklona goda prema uzduznoj brzini ultrazvué¢nih valova i modulu elasti¢nosti

Stanzl-Tschegg, 2001). Kawahara et al. (2015) reported
that Poisson’s ratios of wood strike their extrema with
grain inclination angle of approximately 30°, which was
considered to be raised by the effect of shear forces in
the L axes of wood. Furthermore, NPRs were observed
in the LT plane when the inclination range was 15°-45°.
Mascia and Nicolas (2013) determined Poisson’s ratios
of some Brazilian wood species and figured out the in-
fluence of fiber angles (0°, 20°, 45°, 70°, and 90°) on
Poisson’s ratios of LT, LR, and RT planes. However, no
NPR was observed. As seen in Table 4, uLT is negative
for 45° but, NPRs were not observed at 30°. Further-
more, LR and RL presented NPR in 60° inclination, and
as illustrated in Figure 3, 30° inclination did not provide
extrema Poisson’s ratios, except for LR.

Numerical differences in the elastic constants
due to individual and averaged UWYV utilization in the
matrix are presented in Table 5 and illustrated in Figure
3, respectively. As can be seen, moduli were slightly
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changed while diffractions in Poisson’s ratios are more
notable.

Bodig and Goodman (1973) stated that there is
no reported clear interaction between Poisson’s ratios
and mechanical (moduli or strength) and physical
(density) properties. Furthermore, according to Kawa-
hara et al. (2015) variation of Poisson’s ratios in wood
in terms of direction or plane is barely figured out. In
this study, the coefficients of determination (R?) be-
tween density and Poisson’s ratios are presented in Fig-
ure 6. Overall, structural hierarchy (Lakes, 1993), me-
chanical behavior of wood at the cellular level (Gibson,
2005), microporous structure of wood (Bertoldi et al.,
2010), and lots of interacting mechanical processes
that occur at the microscopic grade (Ozyhar et al.,
2013) are attributed to NPR. Moreover, the anisotropic
nature of wood exhibits viscoelastic behavior, and the
time-dependent Poisson’s impact is known as the vis-
coelastic Poisson’s ratio.
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4 CONCLUSIONS
4. ZAKLJUCAK

Ultrasonic characterization provides valuable in-
formation about the structural properties, quality, and
potential defects in wood, making it a useful tool for
various applications, including wood grading, assess-
ment of wood products, and research on wood proper-
ties.

Partial auxeticity was figured out for poplar wood
in certain angles. However, a complete auxeticity is not
a fact. However, it can be said that wood can be as-
sumed as an auxetic material when the right cutting
angles are ensured for obtaining NPRs.

Particularly for elasticity moduli, stiffness tensor
provided remarkably lower values against simple for-
mula calculation. Furthermore, the utilization of aver-

aged density and UWYV values in the tensor also caused
some differences in elasticity and Poisson’s ratios.

Almost no numerical differences were found for
shear moduli in terms of calculation methods. There-
fore, a simple formula can easily be used.

In general, the increase in inclination did not rep-
resent the stable behavior of UWV and elastic con-
stants, but the impact is significant.

According to regression models, density was
found to be unable to explain the Poisson’s ratios.

5
5.

REFERENCES
LITERATURA

1. Aydin, M.; Yilmaz Aydin, T., 2023: Influence of growth
ring number and width on elastic constants of poplar. Bi-
oResources, 18 (4): 8484-8502. https://doi.org/10.15376/
biores.18.4.8484-8502

) DRVNA INDUSTRIJA 76 (1) 21-32 (2025) 29



Aydin, Yilmaz Aydin: Auxeticity and Wood

Nl v=-0.0041x+1.4572
R*=0.0231

| v=0.0048x- 1.6533
R*=0.0137

(o]
0° 60°
&
- @
g P
o
c
r @
30° 300
T 335 . oo O
D 28 ’ D - g, o8
ensity (kgjms) JRUNE ensity (kgims) “1\_\&“
B v=0.0492x- 16.435 B = -0.0005% + 0.6942
Ri=0.0181 R=0.0007
50° 60°
)
[
=)
& e 45
£
14
30° 300
D!nslty {kgim?) \,RW Dens"y tkgim?) ‘;TRM“
B = -0.0475x+ 17.04 B v=-001x+39612
Ri= 00217 R*=0.0157
0° 60*
e
2
o
g & 45
o
£
[1'4

30°

‘%—%‘% m'mmﬂs.ﬁam:—-f--
Deﬂsﬂy (kghna)

Figure 6 3D scatter of ring angle by density by Poisson’s ratios
Slika 6. 3D dijagram rasprsenosti kuta otklona goda prema gusto¢i i Poissonovim omjerima

2. Bertoldi, K.; Reis, P. M.; Willshaw, S.; Mullin, T., 2010:
Negative Poisson’s ratio behavior induced by an elastic
instability. Advanced Materials, 22 (3): 361-366. https://
doi.org/10.1002/ADMA.200901956

3. Bodig, J.; Goodman, J., 1973: Prediction of elastic pa-
rameters for wood. Wood Science, 5: 249-264.

4. Branka, A. C.; Heyes, D. M.; Mackowiak, Sz.; Pieprzyk,
S.; Wojciechowski, K. W., 2012: Cubic materials in dif-
ferent auxetic regions: Linking microscopic to macro-
scopic formulations. Physica Status Solidi (b), 249 (7):
1373-1378. https://doi.org/10.1002/pssb.201084222

5. Branka, A. C.; Heyes, D. M.; Wojciechowski, K. W.,
2011: Auxeticity of cubic materials under pressure. Phys-
ica Status Solidi (b), 248 (1): 96-104. https://doi.
org/10.1002/PSSB.201083981

6. Bucur, V.; Najafi, S. K., 2003: Negative Poisson ratios in
wood and particleboard with ultrasonic technique. In:

30 ) DRVNA INDUSTRIJA 76 (1) 21-32 (2025)

Nondestructive Characterization of Materials XI. Hei-
delberg, Springer, pp. 47-51. https://doi.org/10.1007/978-
3-642-55859-7 8

7. Carneiro, V. H.; Meireles, J.; Puga, H., 2013: Auxetic

materials — A review. Materials Science-Poland, 31 (4):
561-571. https://doi.org/10.2478/s13536-013-0140-6

8. Casado, M.; Acuifia, L.; Vecilla, D.; Relea, E.; Basterra,

A.; Ramon, G.; Lopez, G., 2010. The influence of size in
predicting the elastic modulus of Populus x eurameri-
cana timber using vibration techniques. In: Structures
and Architecture. London, Taylor Francis, pp. 2025-
2032. https://doi.org/10.1201/b10428-282

9. Critchley, R.; Corni, I.; Wharton, J. A.; Walsh, F. C.; Wood,

R. J. K.; Stokes, K. R., 2013: The preparation of auxetic
foams by three-dimensional printing and their characteris-
tics. Advanced Engineering Materials, 15 (10): 980-985.
https://doi.org/10.1002/ADEM.201300030



10.

I1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Espinosa, L.; Brancheriau, L.; Prieto, F.; Lasaygues, P.,
2018. Sensitivity of ultrasonic wave velocity estimation
using the Christoffel equation for wood non-destructive
characterization. BioResources, 13 (1): 918-928. https://
doi.org/10.15376/biores.13.1.918-928

Ettelaei, A.; Layeghi, M.; Zarea Hosseinabadi, H.; Ebra-
himi, G., 2019: Prediction of modulus of elasticity of
poplar wood using ultrasonic technique by applying em-
pirical correction factors. Measurement, 135: 392-399.
https://doi.org/10.1016/j.measurement.2018.11.076
Garab, J.; Keunecke, D.; Hering, S.; Szalai, J.; Niemz, P.,
2010: Measurement of standard and off-axis elastic mod-
uli and Poisson’s ratios of spruce and yew wood in the
transverse plane. Wood Science and Technology, 44 (3):
451-464. https://doi.org/10.1007/s00226-010-0362-2
Gibson, L. J., 2005: Biomechanics of cellular solids.
Journal of Biomechanics, 38 (3): 377-399. https://doi.
org/10.1016/J.JBIOMECH.2004.09.027

Gongalves, R.; Trinca, A. J.; Pellis, B. P., 2014: Elastic
constants of wood determined by ultrasound using three
geometries of specimens. Wood Science and Technology,
48 (2): 269-287. https://doi.org/10.1007/s00226-013-
0598-8

Hodousek, M.; Dias, A. M. P. G.; Martins, C.; Marques,
A.; Bohm, M., 2016: Comparison of non-destructive
methods based on natural frequency for determining the
modulus of elasticity of Cupressus lusitanica and Popu-
lus x canadensis. BioResources, 12 (1): 270-282. https://
doi.org/10.15376/biores.12.1.270-282

Janus-Michalska, M.; Jasinska, D.; Smardzewski, J.,
2013: Comparison of contact stress distribution for foam
seat and seat of auxetic spring skeleton. International
Journal of Applied Mechanics and Engineering, 18 (1):
55-72. https://doi.org/10.2478/ijame-2013-0004
Jasinska, D.; Janus-Michalska, M.; Smardzewski, J.,
2012: A study on the design of auxetic structure of seat
skeleton. Mechanics and Control, 31 (2): 72. https://doi.
org/10.7494/mech.2012.31.2.72

Kasal, A.; Kuskun, T.; Smardzewski, J., 2020: Experimen-
tal and numerical study on withdrawal strength of different
types of auxetic dowels for furniture joints. Materials, 13
(19): 4252. https://doi.org/10.3390/mal3194252
Kawahara, K.; Ando, K.; Taniguchi, Y., 2015: Time de-
pendence of Poisson’s effect in wood IV: Influence of
grain angle. Journal of Wood Science, 61 (4): 372-383.
https://doi.org/10.1007/S10086-015-1477-8
Kretschmann, D. E., 2010: Mechanical properties of
wood. In: Wood Handbook-Wood as an Engineering Ma-
terial. Madison, WI, USDA Forest Product Laboratory,
pp. 1-46. https://doi.org/10.1126/science.46.1195.516-a
Kuskun, T.; Kasal, A.; Caglayan, G.; Ceylan, E.; Bulca,
M.; Smardzewski, J., 2023: Optimization of the cross-
sectional geometry of auxetic dowels for furniture joints.
Materials, 16 (7): 2838. https://doi.org/10.3390/
mal6072838

Kuskun, T.; Smardzewski, J.; Kasal, A., 2021: Experi-
mental and numerical analysis of mounting force of aux-
etic dowels for furniture joints. Engineering Structures,
226: 111351. https://doi.org/10.1016/J. ENGSTRUCT.
2020.111351

Lakes, R., 1987: Foam structures with a negative Pois-
son’s ratio. Science, 235 (4792): 1038-1040. https://doi.
org/10.1126/SCIENCE.235.4792.1038

Lakes, R., 1993: Materials with structural hierarchy. Na-
ture, 361 (6412): 511-515. https://doi.org/10.1038/
361511a0

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Aydin, Yilmaz Aydin: Auxeticity and Wood

Liu, J. Y., 2002: Analysis of off-axis tension test of wood
specimens. Wood and Fiber Science, 34 (2): 205-211.
Marmier, A.; Biesheuvel, S.; Elmalik, M.; Kirke, A.;
Langhof, M.; Paiva, J. P.; Toudup, J.; Evans, K. E., 2018:
Evidence of negative Poisson’s ratio in wood from finite
element analysis and off-axis compression experiments.
Materials Letters, 210: 255-257. https://doi.org/10.1016/].
matlet.2017.09.026

Marmier, A.; Miller, W.; Evans, K. E., 2023: Negative
Poisson’s ratio: A ubiquitous feature of wood. Materials
Today Communications, 35: 105810. https://doi.
org/10.1016/j.mtcomm.2023.105810

Mascia, N. T.; Nicolas, E. A., 2013: Determination of
Poisson’s ratios in relation to fiber angle of a tropical
wood species. Construction and Building Materials, 41:
691-696. https://doi.org/10.1016/j.conbuild-
mat.2012.12.014

Mott, P. H.; Roland, C. M., 2013: Limits to Poisson’s ra-
tio in isotropic materials-general result for arbitrary de-
formation. Physica Scripta, 87 (5): 055404. https://doi.
org/10.1088/0031-8949/87/05/055404

Murata, K.; Tanahashi, H., 2010: Measurement of
Young’s modulus and Poisson’s ratio of wood specimens
in compression test. Journal of the Society of Materials
Science, 59 (4): 285-290. https://doi.org/10.2472/
jsms.59.285

Narojczyk, J. W.; Wojciechowski, K. W., 2010: Elastic
properties of degenerate F. C. C. crystal of polydisperse
soft dimers at zero temperature. Journal of Non-Crystal-
line Solids, 356 (37-40): 2026-2032. https://doi.
org/10.1016/J.JNONCRYSOL.2010.05.080

Ozyhar, T.; Hering, S.; Niemz, P., 2013: Viscoelastic
characterization of wood: Time dependence of the ortho-
tropic compliance in tension and compression. Journal of
Rheology, 57 (2): 699-717. https://doi.org/10.1122/
1.4790170

Ozyhar, T.; Hering, S.; Sanabria, S. J.; Niemz, P., 2013:
Determining moisture-dependent elastic characteristics
of beech wood by means of ultrasonic waves. Wood Sci-
ence and Technology, 47 (2): 329-341. https://doi.
org/10.1007/s00226-012-0499-2

Papandrea, S. F.; Cataldo, M. F.; Bernardi, B.; Zimbalat-
ti, G.; Proto, A. R., 2022: The predictive accuracy of
modulus of elasticity (MOE) in the wood of standing
trees and logs. Forests, 13 (8): 1273. https://doi.
org/10.3390/f13081273

Pelinski, K.; Smardzewski, J., 2020: Bending behavior of
lightweight wood-based sandwich beams with auxetic
cellular core. Polymers, 12 (8): 1723. https://doi.
org/10.3390/POLYM 12081723

Pelinski, K.; Smardzewski, J., 2022: Static response of
synclastic sandwich panel with auxetic wood-based hon-
eycomb cores subject to compression. Thin-Walled
Structures, 179: 109559. https://doi.org/10.1016/j.
tws.2022.109559

Pelinski, K.; Smardzewski, J.; Narojezyk, J., 2020: Stiff-
ness of synclastic wood-based auxetic sandwich panels.
Physica Status Solidi (b), 257 (10): 1900749. https://doi.
org/10.1002/PSSB.201900749

Pozniak, A. A.; Smardzewski, J.; Wojciechowski, K. W.,
2013: Computer simulations of auxetic foams in two di-
mensions. Smart Materials and Structures, 22 (8):
084009. https://doi.org/10.1088/0964-1726/22/8/084009
Qing, H.; Mishnaevsky, L., 2010: 3D multiscale micro-
mechanical model of wood: From annual rings to micro-
fibrils. International Journal of Solids and Structures, 47

W) DRVNA INDUSTRIJA 76 (1) 21-32 (2025) 31



Aydin, Yilmaz Aydin: Auxeticity and Wood

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

(9): 1253-1267. https://doi.org/10.1016/J.1IJSOLSTR.
2010.01.014

Reiterer, A.; Stanzl-Tschegg, S. E., 2001: Compressive be-
haviour of softwood under uniaxial loading at different
orientations to the grain. Mechanics of Materials, 33 (12):
705-715. https://doi.org/10.1016/S0167-6636(01)00086-2
Roohnia, M.; Yavari, A.; Tajdini, A., 2010: Elastic pa-
rameters of poplar wood with end-cracks. Annals of For-
est Science, 67 (4): 409-409. https://doi.org/10.1051/for-
est/2009129

Saadatnia, M.; Enayati, A.; Pourtahmasi, K.; Moradian,
M., 2016: Investigation on transversal variation of poplar
tension wood quality using ultrasound wave parameters.
Wood Material Science and Engineering, 11 (4): 201-
208. https://doi.org/10.1080/17480272.2014.966755
Sliker, A.; Yu, Y., 1993: Elastic constants for hardwoods
measured from plate and tension tests. Wood and Fiber
Science, 25 (1): 8-22.

Smardzewski, J., 2013: Auxetic springs for seating.
Turkish Journal of Agriculture and Forestry, 37 (3): 369-
376. https://doi.org/10.3906/tar-1204-64

Smardzewski, J., 2013. Elastic properties of cellular
wood panels with hexagonal and auxetic cores. Holz-
forschung, 67 (1): 87-92. https://doi.org/10.1515/hf-
2012-0055

Smardzewski, J., 2019: Experimental and numerical
analysis of wooden sandwich panels with an auxetic core
and oval cells. Materials and Design, 183: 108159. htt-
ps://doi.org/10.1016/j.matdes.2019.108159
Smardzewski, J.; Jasinska, D.; Janus-Michalska, M.,
2014: Structure and properties of composite seat with
auxetic springs. Composite Structures, 113 (1): 354-361.
https://doi.org/10.1016/J.COMPSTRUCT.2014.03.041
Smardzewski, J.; Majewski, A., 2011: Auxetic spring el-
ements for elastically supporting a sitting or lying. An-
nals of Warsaw University of Life Sciences — SGGW
Forestry and Wood Technology, 73: 66-74.
Smardzewski, J.; Maslej, M.; Wojciechowski, K. W.,
2021: Compression and low velocity impact response of
wood-based sandwich panels with auxetic lattice core.

Corresponding address:

MURAT AYDIN
Isparta University of Applied Sciences, Kegiborlu Vocational School, Department of Machine, Kegiborlu,

32700, Isparta, TURKIYE, e-mail: murataydin@isparta.edu.tr

32 ) DRVNA INDUSTRIJA 76 (1) 21-32 (2025)

50.

51.

52.

53.

54.

55.

56.

57.

58.

European Journal of Wood and Wood Products, 79 (4):
797-810. https://doi.org/10.1007/s00107-021-01677-3
Smardzewski, J.; Wojciechowski, K. W.; Pozniak, A.,
2018: Auxetic lattice truss cores fabricated of LayWood.
BioResources, 13 (4): 8823-8838.

Ting, T. C. T.; Chen, T., 2005: Poisson’s ratio for aniso-
tropic elastic materials can have no bounds. The Quar-
terly Journal of Mechanics and Applied Mathematics, 58
(1): 73-82. https://doi.org/10.1093/QIMAMI/HBHO021
***TSISO 13061-2, 2021: Physical and mechanical prop-
erties of wood — Test methods for small clear wood speci-
mens. Part 2: Determination of density for physical and
mechanical tests. Turkish Standards Institution, Ankara.
Villasante, A.; Vignote, S.; Fernandez-Serrano, A.; Laina,
R., 2021: Simultaneous treatment with oil heat and densi-
fication on physical properties of Populus % canadensis
wood. Maderas. Ciencia y Tecnologia, 24 (5): 1-12. htt-
ps://doi.org/10.4067/S0718-221X2022000100405
Wojciechowski, K. W., 2003: Remarks on Poisson ratio
beyond the limits of the elasticity theory. Journal of the
Physical Society of Japan, 72 (7): 1819-1820. https://doi.
org/10.1143/JPSJ.72.1819

Wojnowska, M.; Pelinski, K.; Maslej, M.; Stonina, M.;
Smardzewski, J., 2017: Elastic properties of periodic
core’s structures of multilayers furniture panels. Journal
of Advanced Technology Sciences, 6 (3): 1249-1263.
Yamani, R., 1957: On the orthotropic properties of wood
in compression. Journal of the Japanese Forest Society,
39 (9): 328-338.

Yingjie, Z.; Dejun, F.; Yanguang, D., 2017: Wood physi-
cal and mechanical properties of Populus x canadensis
Moench and Populus x euramericana (Dode) Guinier
cv. Gelrica. Agricultural Science and Technology, 18
(12): 2532-2535.

Zahedi, M.; Kazemi Najafi, S.; Fiissl, J.; Elyasi, M.,
2022: Determining elastic constants of poplar wood
(Populus deltoides) by ultrasonic waves and its applica-
tion in the finite element analysis. Wood Material Sci-
ence & Engineering, 17 (6): 668-678. https://doi.org/10.1
080/17480272.2021.1925962



	3_Drv Ind Vol 76 1_0219

