™ forests MBPY

Article

Representative Hardwood and Softwood Green
Tissue-Microstructure Transitions per Age Group and
Their Inherent Relationships with
Physical-Mechanical Properties and

Potential Applications

Oswaldo Mauricio Gonzalez 1*(J, Anahi Velin 2, Andrés Garcia 3, Carlos R. Arroyo ?,
Hua Lun Barrigas 3, Karla Vizuete (0 and Alexis Debut 4

1 School of Engineering & Built Environment, Griffith University, Gold Coast Campus,

Queensland 4222, Australia

Department of Life Sciences, Universidad de las Fuerzas Armadas ESPE, Av. Gral. Rumifiahui s/n,
Sangolqui 171-5-231B, Ecuador; advelin@espe.edu.ec

School of Civil Engineering, Universidad de las Fuerzas Armadas ESPE, Av. Gral. Rumifiahui s/n,
Sangolqui 171-5-231B, Ecuador; magarcial9@espe.edu.ec (A.G.); hlbarrigas@espe.edu.ec (H.L.B.)
Center of Nanoscience and Nanotechnology, Universidad de las Fuerzas Armadas ESPE, Av. Gral.
Rumifiahui s/n, Sangolqui 171-5-231B, Ecuador; ccarroyo@espe.edu.ec (C.R.A.);
ksvizuete@espe.edu.ec (K.V.); apdebut@espe.edu.ec (A.D.)

*  Correspondence: m.gonzalezmosquera@griffith.edu.au; Tel.: +61-07-5552-7608

Received: 22 March 2020; Accepted: 15 May 2020; Published: 19 May 2020 lclr:!’edc:'(t]ceosr
Abstract: A better understanding of wood form-structure—function relationships and potentialities
can lead to an enormous pool of fascinating solutions and inventions. In this research advances
from both the anatomical and the mechanical points of view, the principles, fundamentals and
concept generators derived from the inherent relationship between green tissue-microstructure and
physical-mechanical properties of two representative woody species. Specifically, a total of 120
small-clear samples cut from six (e.g., three per wood species) Eucalyptus globulus (i.e., hardwood)
and Cupressus macrocarpa (i.e., softwood) trees were sampled and tested to determine the tissue
transitions per age group (e.g., juvenile, mature and senile) in terms of density, area, roundness
and sphericity of vessel elements, longitudinal tracheids and longitudinal/ray parenchyma cells.
Moreover, the studied green tissue-microstructure transitions were compared and analysed with
the corresponding physical-mechanical properties [i.e., green density, moisture content, modulus
of rupture (MOR) and modulus of elasticity (MOE)] of each species, which in turn were acquired
from 159 tests carried out according to the German Deutsches Institut fiir Normung (DIN standards).
The results herein show mature and senile wood tissues are more rigid and mechanically resistant
than juvenile ones, which is partially influenced by the progressive increment in cell-wall thickness
as the wood-tissue ages, and this process is of greater magnitude for the eucalyptus species. Indeed,
this representative hardwood species was found superior in terms of mechanical resistance to the
progression of stresses due to a complex porous vascular system that becomes stronger as the
tissue-microstructure ages. The design principles underlying the natural architectures of both studied
green tissues provide concept generators for potential biomimetic and engineering applications, e.g.,
eucalyptus species are suitable for structural applications, whereas the superior flexibility found in
the cypress species could be well bio-mimicked into composite panels, where the balance between
strength and rigidity is of high relevance.

Keywords: Eucalyptus globulus (eucalyptus); Cupressus macrocarpa (cypress); hardwood; softwood;

scanning electron microscopy; biomaterial mechanical characterisation; green compressive/bending
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1. Introduction

In recent decades scientists have been inspired by nature to generate innovative materials with
specific properties and features. These properties have been widely used at the industrial level to find
solutions to technological problems and to generate eco-friendly products. As alternatives to the use of
natural materials (referred to here as biomaterials), efforts have been initiated to develop engineered
materials from the biomimetic research approach to copy and enhance the optimal properties found in
nature [1,2]. Therefore, to implement the materials’ simulation strategies developed by biomimetics,
it is necessary to carry out a comprehensive study at different levels of hierarchical structure to
determine the properties, fundamentals and concept generators derived from a specific biomaterial [3].

Wood, one of the oldest and most widely used natural resources in the world, is a biomaterial
with an optimal hierarchical structure capable of transferring both internal and external forces that
make it naturally suited as a structural material in several engineering applications [4]. The wood
morphology (i.e., physical form and external structure [5]) is usually well-known and well-described;
yet, the wood anatomy (i.e., the internal structure and composition [6]) along with the consequent
material biomechanics are still unknown from several viewpoints. Wood is a fibrous complex biological
tissue-structure that makes up the inner part of stems (also referred to here as trunk), branches and
roots in woody plants [7]. According to plant taxonomy, woody plants are classified into two broad
classes, namely as hardwoods (i.e., wood from angiosperm trees, such as dicotyledons) and softwoods
(i.e., wood from gymnosperm trees, such as conifers) [7,8]. Softwoods are usually cone-bearing trees
with needle-like evergreen leaves; their nonporous tissue-structure (i.e., wood structure without vessel
elements) comprises mainly axial tracheids (i.e., elongated cells with perforation plates that transport
water and mineral salts) and radial ray parenchyma cells. Softwoods are generally identified (with
few exceptions) by their lightness, rapid growth, light colours, small knots and low cost for industrial
purposes. In most cases, they are likely suitable for non-structural applications (e.g., ornamental wood
pieces, furniture, wooden boxes and paper pulp). Major resources of softwood species are cypress,
fir, pine and cedar. On the other hand, the tissue-structure of a characteristic hardwood is more
complex than that for softwoods [9]. A hardwood tissue-structure thereof comprises a very porous
vascular system (i.e., the assemblage of supportive fibres, abundant parenchyma and large amounts of
lignified vessel elements that transport water and sap in the tree). Although it is not a general rule,
hardwoods are commonly denser than softwoods with basic densities ranging from 550 kg/m?3 to
910 kg/m? [7]. Furthermore, hardwoods normally grow up to 45 metres of stem height depending on
the tree species and age [8]; yet, it is worth noting mentioning that there are some hardwood species
for which heights of up to 100 m have been historically reported [10]. From the structural mechanic’s
point of view, hardwoods are considered of better quality than softwoods and thereof their higher
price for industrial purposes.

From the peripheral side of the tree to the core, six specific materials disposed into concentric
bands can be distinguished within the trunk: (i) the outer bark, (ii) inner bark, (iii) vascular cambium,
(iv) sapwood, (v) heartwood and (vi) the pith [7]. The relationship between sapwood and heartwood
varies depending on the species; it is indeed a significant indicator of wood quality and a classification
criterion for differentiation between hardwoods and softwoods. The sapwood is located under the bark
and is the outermost living portion of a woody trunk. It is made up of a combination of biologically
active and inactive parenchymal cells and constitutes the youngest tissue of the tree. Its extent
depends on the wood species. Its function is basically oriented to the storage and conduction of
nutrients. The heartwood is the inner wood of the trunk that comprises the most of a tree trunk’s
cross-section and has the function of providing support and resistance. It is made up of biologically
inactive cells and is originated in the death part of the sapwood parenchyma [7]. The heartwood
has well-differentiated and defined tissue and cells; it is formed by compact woody vessels that do
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not maintain the conduction capacity of the sap. As previously said, it is of relative importance to
investigate the wood form-structure—function relationship from all levels of hierarchical structure
(i.e., structural, macroscopic, microscopic, biochemical and ultrastructural levels [11,12]).

The form-structure—function relationship of different wood species have been studied so far, yet,
such studies still fall short of fully determining the influence of each level of hierarchical structure on
the related properties and potentials of biomaterials. One study, worth mentioning, that investigated
the coconut palm morphological characteristics and the stem structural mechanics from two out of
the five levels of hierarchical structure, is published by [13-15] where, in the main, (i) an optimal
three-dimensional fibrovascular system that favours the palm functional design in terms of strength
and stiffness, (ii) a palm stem that behaves as an engineering sandwich-like structure with a superior
structural-mechanical function and properties, and (iii) a superior mechanical efficiency, between 1.2
and 1.4 times greater than the corresponding one to a tree-like structure of uniform density and fibres
parallel to the stem’s axial direction; findings that reflect a local design optimum of this species that
efficiently performs its biological and mechanical functions were found.

As previously stated, a better understanding of wood form—structure-function potentialities
can lead to an enormous pool of fascinating inventions and solutions that will definitely continue
revolutionising industrial and commercial trends. In Ecuador though, industries in the wood product
manufacturing subsector (i.e., those that produce lumber, veneers, engineered wood products, structural
wood frames and trusses, plywood, wood flooring and wood composites) have not parallelly evolved
with the vertiginous development that other countries have achieved in this area, despite the fact the
country is considered one of the greatest forest areas in the world. Thus, according to the Ecuadorian
Ministry of Agriculture, Forestry and Fisheries, approximately 7 million hectares of timber forests have
not been properly exploited up to now. It includes extensive plantations of eucalyptus (Eucalyptus
globulus) and cypress (Cupressus macrocarpa) trees that are especially characteristic across the Central
Highlands Region of Ecuador. It is, hence, inferred there is an absence of fundamental knowledge
about the properties and potentials of these wood species. These were some of the aspects behind
the work in this investigation that aims at analysing and comparing the wood tissue-structure at the
microscopic level of hierarchical structure [11,12] of two representative woody species (i) a hardwood
named as eucalyptus (Eucalyptus globulus) and (ii) a softwood named as cypress (Cupressus macrocarpa).
Furthermore, the green tissue-microstructures of both species are investigated at three age groups
(i.e.,juvenile, mature and senile) to define their transitions (i.e., based on a scanning electron microscopy
technique) as the tree species ages at its natural state (i.e., green state), which in turn are related
to the progression of their corresponding mechanical properties. The findings in this investigation
allow for a better understanding of the influence of the wood tissue-microstructure on the mechanical
performance of the studied species. Further, the study also provides concept generators for potential
future biomimetic and engineering applications.

2. Materials and Methods

2.1. Selection of Trees and Sampling

A total of six representative eucalyptus and cypress trees (i.e., three trees per species) of different
age groups namely juvenile, mature and senile, were all sourced from the Central Highlands Region of
Ecuador, Los Chillos valley specifically (0°18'53” S 78°26’36” O), with an average altitude of 2535 m
above sea level, average temperature of 18° C and a mean annual rainfall of 1421 mm. The age range
and group of each investigated tree were estimated and derived, respectively, from the classification
given by Gatsuk et al. (1980) in [16] in which trees are differentiated according to their development
characteristics and reproductive function (see Table 1).
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Table 1. Age estimation derived from the height-perimeter relationship of the trees.

Species Total Trunk  Trunk Perimeter at 2 m Age Range Tree Age
P Height (m) High from the Base (m) Approximation (years) Group
Cupressus 15.7 0.6 10-30 Juvenile
ma(zocur a 23.8 21 30-50 Mature
P 38.9 3.0 >60 Senile
Eucalyptus 16.2 0.8 10-30 Juvenile
lob%]us 25.7 24 30-50 Mature
§ 434 35 >60 Senile

Prismatic block samples (approximately 235 mm x 235 mm X 240 mm) from each tree species
and age group were extracted at a nominal height of 2 m measured from the base of the trunk.
Subsequently and after bark removal (average thickness of 35 mm), each block sample was preserved
into sealed plastic bags with moist paper towels prior to its immediate transfer to the laboratory. Cubic
and prismatic green small-clear samples were extracted from the abovementioned block samples
(i.e., the results obtained from the tested samples herein give characteristic structures and properties
of the two studied species that correspond to the tree radial position comprised between 35 mm and
235 mm, measured from the periphery of the trunk without bark towards the pith, respectively) to be
tested under the conditions detailed hereunder.

2.2. Wood Samples Softening Protocol

To achieve high-quality microphotographs by scanning electron microscopy (SEM) in this part
of the investigation, effective softening and cutting techniques were combined with easily accessible
tools. As a first try, a direct cut was made on a wood green small-clear sample by saw, scalpel and
razor blades to obtain transversal, tangential and radial microphotographs. Inspection by optical
microscopy revealed that these cutting methods considerably damaged the tissue structure. Thus,
six wood softening protocols from the related literature were tested to find the easiest and most
effective one that allowed neat observation of the wood species microstructures: (i) immersion in water
at 100 °C [17,18], (ii) immersion in glycerine, (iii) maceration with distilled water and glycerine for
7 days [19]; (iv) immersion in 96% alcohol solution, distilled water and glycerine in a ratio of 1:1:3 [20];
(v) immersion in 96% alcohol and glycerine in a ratio of 1:1 [17], and (vi) immersion in a softening
solution (i.e., hydrogen peroxide, glacial acetic acid and distilled water in a ratio of 2:1:1) at 100 °C
and then oven-drying at 60 °C [17]; however, none of them reproduced the expected results to fulfil
the main purpose of the study. Two combinations of the abovementioned protocols were, therefore,
evaluated to solve the issue: (vii) immersion in water at 100 °C followed by immersion in softening
solution under a water bath at 100 °C, and then oven-drying at 60 °C, and (viii) begin applying the
latter protocol (vii) and then immersion in 96% alcohol solution and glycerine in a ratio of 1:1. Samples
were razor blade cut and stored in an oven at 60 °C, at least for 48 h until SEM observations. It was
observed that immersion in 96% alcohol solution and glycerine 1:1 led to a wood samples hardening
and, hence, protocol (viii) was discarded, leaving protocol (vii) as the most effective one.

2.2.1. Softening Protocol of Eucalyptus Samples

A total of 60 eucalyptus small-clear samples (e.g., 20 per age group), nominal size 10 mm X
10 mm X 5 mm, were placed separately in heat-resistant containers. A variation of the aforementioned
protocol (vii) was applied, i.e., immersion in water at 100 °C for approximately 84 h, with a constant
renewal of water; immersion in softening solution under a water bath for 6 h and then oven-drying for
about 168 h at 60 °C, ensuring constant softening solution supply.
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2.2.2. Softening Protocol of Cypress Samples

The same number of samples and nominal size as per the eucalyptus ones were tested herein.
In this case, another variation of protocol (vii) was applied, i.e., immersion in water at 100 °C for
approximately 42 h, with a constant renewal of water; immersion in softening solution under a water
bath for 6 h and then oven-drying for about 72 h at 60 °C, ensuring constant softening solution supply.

2.3. Preparation of Wood Samples for SEM Observations and Electron Microscopy Photographs

Once the softening process was achieved, transversal, tangential and longitudinal cuts were
performed under a stereomicroscope by using razor blades of 0.05 mm thickness. New razor blades
were used for each sample. The wood samples” dimensions were approximately 5 mm X 5 mm X 2 mm.
The samples were dehydrated in an oven at 60 °C for at least 48 h prior to SEM inspection.

The dried samples were fixed onto aluminium holders using double-sided conductive carbon
tape and sputter-coated for 60 seconds with a layer of 20 nm of gold (99.99% purity, Quorum Q150R
ES). For each sample, images at different magnifications were obtained by using a Field Emission Gun
Scanning Electron Microscope TESCAN MIRAS3, with a resolution of 1.2 nm at 30 kV.

2.4. Image Processing Analyses

A total of 416 SEM images (i.e., 89 images of Cupressus macrocarpa and 327 of Eucalyptus
globulus) were used to determine the microstructural characteristics of the investigated wood samples.
The tissue-microstructure of softwoods was less complex than hardwoods, and, therefore, the number of
images collected for cypress samples was smaller than the ones for eucalyptus. Indeed, the examination
of eucalyptus vessel elements (conducted exclusively for the eucalyptus species) required one image
per analysis, hence, the difference in the quantity of images used for each species.

The wood samples were analysed in terms of density, area, roundness and sphericity of vessels
and tracheids for the hardwood species, and only of tracheids for the softwood species. The MATLAB's
image processing toolbox, with input by the algorithm developed by [21], was used to fulfil this
purpose. Specifically, the algorithm allowed for (i) image importation from SEM, (ii) image processing,
and (iii) acquired data storage. After image importation, the empty parts (i.e., vessels or tracheids)
showed up automatically as dark areas; the incomplete vessels/tracheids that appeared at the edges of
each digital image were not included as part of this analysis. The spatial scattering of vessels/tracheids
were quantified per square micrometre (#/1tm?) to determine their density distribution. Moreover, for
each vessel/tracheid, their corresponding area and shape was determined; the latter quantified by two
parameters (i) roundness and (ii) sphericity. Simultaneously, the vessel/tracheid roundness (R) and
sphericity (S) were determined as [22],

R= Requiv / Reircums 1)

S = (4 A)/P? )

where Requiv is the radius of an equivalent circle having the same area as the vessel/tracheid in the
analysis (see Figure 1), Reircums is the radius of the circumscribed circle (i.e., the smallest circle depicted
by the entire contour of each vessel/tracheid as shown in Figure 1), A and P are the area and perimeter
of the vessel/tracheid (i.e., the empty part or dark area), respectively. R and S are dimensionless with
values ranging between zero to one, both reflecting the geometrical smoothness given by the likeness
ratio between the circumscribed circle to the equivalent one.
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Equivalent

Circumscribed

JE
SEM HV: 10.0 kV WD: 14.24 mm

View field: 104 ym Det: SE

SEM MAG: 2.00 kx |Date(m/dly): 11/08/17 CENCINAT

Figure 1. Microphotograph of a cypress sample showing a group of longitudinal tracheids where,
for visual understanding, one equivalent and one circumscribed circle is depicted. For this specific
example, 12 cypress tracheids were analysed in terms of density, area, roundness and sphericity.

2.5. Physical-Mechanical Characterization

A total of 159 hardwood and softwood green samples (i.e., 90 eucalyptus samples and 69 cypress
samples) were tested in this study to determine the density and moisture content properties of both
species as well as the axial stiffness and strength in compression (i.e., modulus of elasticity (MOE)comp
modulus of rupture (MOR)comp, respectively), and the bending stiffness and strength (i.e., MOEpeng
and MORy,eg, respectively). The mechanical tests were all carried out in an AGS-X Shimadzu universal
testing machine (UTM), 300 kN capacity equipped with a non-contact digital video extensometer to
measure deformations, which, in turn, were also double-checked by using 5 mm long single-element
strain gauges glued on each sample using adhesive cyanoacrylate ester and coated with instant repair
epoxy resin/tertiary amine. Experimental tests were all performed at room temperature and relative
humidity, e.g., approximately 20 °C (+/-1 °C) and 42% (+/—1%), respectively.

2.5.1. Density and Moisture Content

Density measurements were performed on nominal 20 mm x 20 mm X 20 mm wood green
samples following the DIN 52182 “Testing of Wood-Determination of Density” [23]. A total of 53 wood
small-clear samples (i.e., 30 eucalyptus samples and 23 cypress samples) were tested to determine
the (pp) green density (i.e., the ratio of green weight Wy to green volume V) and (p},) basic density
(i.e., the ratio of oven-dry weight W, to green volume V) as well as the corresponding moisture
content (M.C.) of each sample. Out of the 30 eucalyptus samples, 10 were cut from juvenile trees, 10
from mature trees and 10 from senile trees. Likewise, out of the 23 cypress samples, 5 were cut from
juvenile trees, 8 from mature trees and 10 from senile trees. The percentage of moisture contained in
each wood sample was calculated as [7]

M.C. = [(mt —mgp)/m,]x 100 ©)
where my is the mass of the sample at the time of the test, and m, is the oven-dry mass of each sample.

2.5.2. Green Compressive Stiffness and Strength

A total of 56 compressive tests were carried out on green wood small-clear samples (i.e., 30
eucalyptus samples and 26 cypress samples), nominal size of 20 mm X 20 mm X 20 mm. Out of the 30
eucalyptus samples, 10 were cut from juvenile trees, 10 from mature trees and 10 from senile trees.
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Similarly, out of the 26 cypress samples, 6 were cut from juvenile trees, 10 from mature trees and 10
from senile trees. In this case, 4 cypress juvenile samples were damaged when testing so that only 6
were considered for the subsequent analyses.

For the sampling material preparation, attention was paid to having the wood sample fibres parallel
to the longitudinal axis (also referred to here as axial direction), with a +/- 5° tolerance. The selected
samples were sanded to guarantee flat surfaces and, hence, full contact during testing. Each sample
was labelled after sanding accordingly. To reproduce green conditions as in nature (i.e., reconstruction
method [13]), samples were saturated with water using a vacuum-pressure container treatment system.
Subsequently, all samples were fitted with strain gauges and tested in compression according to the
DIN 52185 “Testing of Wood-Compression Test Parallel to Grain” [24]. The compressive tests were
carried out in the UTM described hereinabove. The bottom platen of the UTM was fixed while the top
platen was mounted on a half-sphere bearing which could rotate, so as to provide full contact between
the platen and the samples (see Figure 2). A dry graphite powder coating was used between the
samples and the testing platens to minimise friction. Each sample was then loaded in the longitudinal
direction (i.e., parallel to the wood sample fibres) up to failure at a cross-head speed of 0.3 mm/min to
reach failure between 3 to 4 min.

Digital video
extensometer

Spherical seat

Top platen
Graphite pow<.!e! Bottom platen
coating (fixed)

Sample for Strain gauge

compressive test

Figure 2. Compressive sample test set-up.

The green compressive stiffness [i.e., the modulus of elasticity (MOEcomp)] and green compressive
strength [i.e., the modulus of rupture (MORcomp)] were determined from this mechanical mode.
Specifically, MOEomp was calculated from the stress (o) strain (¢) relationship given by Hooke’s
law [25] as

0 =MOE=¢ (4)

The compressive stiffness was then calculated by performing a linear regression on the linear
elastic range (i.e., the proportional limit) of the stress—strain curves produced for each tested sample,
where the slope of the curve gives the corresponding MOEcomp as explained previously (refer to
Equation (4)).

The compressive strength that reflects the maximum load carrying capacity (Fmax) of the wood
samples in the L direction of the applied load was calculated as [25]

MORcomp = 1:“max/ A (5)

where A is the measured cross-sectional area of the sample’s face perpendicular to the applied load F
(see Figure 2).

2.5.3. Green Bending Stiffness and Strength

A total of 50 bending tests were carried out on prismatic green wood defect-free samples (i.e., 30
eucalyptus samples and 20 cypress samples), nominal size of 15 mm X 15 mm X 220 mm. Out of
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the 30 eucalyptus samples, 10 were cut from juvenile trees, 10 from mature trees and 10 from senile
trees. Similarly, out of the 20 cypress samples, 4 were cut from juvenile trees, 6 from mature trees and
10 from senile trees. In this case, some cypress juvenile and mature samples were damaged during
testing so that only 20 were considered for the subsequent analyses. Sampling material preparation
followed the same procedure as per the compressive tests in terms of sample’s sanding, labelling and
green conditions reproduction. A three-point bending test was performed on the samples, as shown in
Figure 3, that reflects the bending test set-up. According to the DIN 52186 “Testing of Wood-Bending
Test” [26], each sample was positioned onto two lower supporting pins, which were placed 200 mm
one with respect to the other. The UTM top platen was mounted onto one loading pin placed right in
the middle of the system. Three-millimetre thick rubber pressure pads were used to minimise friction
and prevent local damage between the sample facings and set of upper/lower pins. Each wood sample
was then loaded up to failure at a cross-head speed of 2 mm/min to reach failure between 4 to 6 min.

sample for ‘
.

bending test

Supporting pins

Figure 3. Bending sample test set-up.

The green bending stiffness (i.e., the modulus of elasticity (MOEpenq)) and green bending strength
[i.e., the modulus of rupture (MORypenq)] were determined from this mechanical mode. The MOEjenqg
was calculated following the same procedure as per the MOEcomp, i-e., from Equation (4) and from
the linear regression performed on the linear elastic range of the stress—strain curve for each tested
sample under bending mode. The bending strength (i.e., the highest stress experienced by the entire
cross-section of the wood sample at its moment of yield) was calculated by applying Equation (6) given
in [25] as
MORpeng = (M#¢)/I (6)

where M is the bending moment (N-mm) produced by the applied load F (see Figure 3) that in turn
is calculated by Equation (7), ¢ (mm) is the distance from the neutral axis of the wood sample to the
external wood fibre under the highest pressure at the loading point, I is the moment of inertia of the
cross-section of the sample (mm?) and L is the length between the supporting pins where the wood
sample is placed (i.e., 200 mm for this specific case, as mentioned previously).

M = (F+L)/4 @)

2.6. Statistical Analyses

All results in this investigation were evaluated through statistical tests to confirm the stated
tendencies of each studied variable. The normal distribution of the acquired data was verified by the
Shapiro-Wilk test [27]; a p-value (i.e., the probability that a calculated statistical value is possible for
a specific hypothesis) greater than the significance level of 0.05 was obtained for all cases, meaning
the acquired data is normal. The Analysis of Variance (ANOVA) was then performed to identify the
significant differences (p-value < 0.05) of each variable between both species and among group ages.
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3. Results

3.1. Green Tissue-Microstructure

Microphotographs show a complex porous vascular system for the studied hardwood eucalyptus
tissue-microstructure that comprises three main cell types (i) supportive longitudinal fibres, (ii) large
amounts of vessel elements, and (iii) longitudinal and ray parenchyma cells, whereas the softwood
resinous cypress shows a rather simpler tissue-microstructure with two cell types (i) elongated
longitudinal tracheids and (ii) longitudinal and ray parenchyma cells. Henceforth, fibres (i.e., long
narrow cells that primarily account for the mechanical support of the tree) and vessel elements were
present only in hardwoods.

A total of 131 vessel elements (i.e., 65 juvenile, 32 mature and 34 senile) from the eucalyptus
samples were measured. A careful inspection of the acquired images unveiled lignified vessel elements
that become bigger and undergo change from quasi-circular to elliptical shape, for juvenile to senile
samples, respectively (see Figure 4). Some vessel elements in senile samples showed tylosis, a condition
induced by bladder-like distension of the parenchyma cell into the adjacent vessels (see Figure 4c).

Figure 4. Microphotographs of transverse cuts obtained in scanning electron microscopy (SEM) for the

comparison of green tissue-microstructure transitions in Eucalyptus globulus samples showing vessel
elements embedded in abundant parenchyma cells for (a) juvenile, (b) mature and (c) senile samples.
The transition of vessel elements with a decrease in density, roundness and sphericity, and an increase
in area can be seen in the microphotographs.

As seen in Figure 5, eucalyptus vessel elements (i) quasi-linearly decrease in density from green
juvenile to green senile (p-value = 2.647 X 107) tissue-microstructures (see Figure 5a); (ii) its area did
not relatively vary from juvenile to mature (p-value = 3.667 x 10~!) but significantly increased from
the latter to senile (p-value = 7.059 x 10719) tissue-microstructure (see Figure 5b), and (iii) the vessel
element shape significantly changed in terms of roundness (p-value = 3.752 X 107°) and sphericity
(p-value= 9.414 x 10~22) from juvenile to senile tissue-microstructures (see Figure 5c,d, respectively).
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Figure 5. Average values of (a) density, (b) area, (c) roundness and (d) sphericity of vessel elements
from Eucalyptus globulus tissue-microstructure per age group, i.e., juvenile (J), mature (M) and senile (S).

A total of 385 longitudinal parenchyma cells (i.e., 98 juvenile, 131 mature and 156 senile) from
the Eucalyptus globulus samples and 658 elongated lignified longitudinal tracheids (i.e., 233 juvenile,
250 mature and 175 senile) from the Cupressus macrocarpa samples were measured. The results of these
analyses show a quasi-linear decrease in density (p-value = 2.820 x 10~1?) with a consequent quasi-linear
increase in area (p-value = 1.998 x 10~'%) for the longitudinal tracheids from the cypress samples (see
Figure 6a,b) that means the tracheids get bigger as the tissue gets older to transport larger amounts of
nutrients, so there are fewer tracheids per um? in senile samples (see Figure 7d through Figure 7f).
The analyses of density and area for the longitudinal parenchyma cells from the Eucalyptus globulus
samples do not present clear tendencies, yet it could be inferred the variation of both parameters would
likely be of similar trends as per the studied softwood species. Figure 7a through Figure 7c show a
progressive increment in the thickness of longitudinal parenchyma cell-walls from juvenile to senile
eucalyptus tissue-microstructure, a process that likely contributes to the progressive increment in
mechanical resistance as the hardwood tissue ages. The differences in density (p-value = 3.362 x 1072)
and area (p-value = 3.279 x 10~2) between species is significant, meaning the eucalyptus longitudinal
parenchyma cells have higher density and smaller area than the cypress longitudinal tracheids.
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Figure 6. Average values of (a) density and (b) area of longitudinal parenchyma cells and longitudinal
tracheids from Eucalyptus globulus and Cupressus macrocarpa samples, respectively, per age group, i.e.,
juvenile (J), mature (M) and senile (S).

Mature eile 7

Juvenile
. N

Eucalyptus globulus

Cupressus macrocarpa

Figure 7. Microphotographs of transverse cuts obtained in SEM for the comparison of green
tissue-microstructure transitions in Eucalyptus globulus and Cupressus macrocarpa per age group. Figures
(a) to (c) show the transitions of longitudinal parenchyma cells in Eucalyptus globulus, whereas Figure
(d) to (f) show the transitions of longitudinal tracheids for Cupressus macrocarpa.

Tables 2 and 3 show that the results of shape transitions in terms of roundness and sphericity for the
eucalyptus longitudinal parenchyma cells and cypress longitudinal tracheids (p-value = 8.758 x 107!
and p-value = 7.590 x 107!, respectively), and for the eucalyptus/cypress ray parenchyma cells
(p-value = 1.662 x 107! and p-value = 1.250 x 107!, respectively) remain constant among the group
ages. Similarly, in terms of roundness when comparing both species for the eucalyptus longitudinal
parenchyma cells and cypress longitudinal tracheids (p-value = 9.609 x 107!) as well as for the
eucalyptus/cypress ray parenchyma cells (p-value = 6.476 x 1072) it occurs. Yet, in terms of sphericity,
a significant difference between both species for the longitudinal cells (p-value = 1.718 x 10~2) and for
the ray cells (p-value = 4.938 x 1072) was found: which means that, contrary to the eucalyptus cells,
the cypress longitudinal tracheids and ray parenchyma cells become closer to a perfect circular shape
(see Figure 7).
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Table 2. Averages and standard deviations of roundness of the longitudinal parenchyma cells,
longitudinal tracheids and ray parenchyma cells for Eucalyptus globulus and Cupressus macrocarpa per

age group.
Eucalyptus globulus Cupressus macrocarpa

Standard Standard

Average . Average .-
Age Group Deviation  Age Group Deviation

(um?) (um?) (um?) (um?)

Longitudinal parenchyma cells/Longitudinal tracheids

J 0.775 0.089 J 0.722 0.079

M 0.737 0.104 M 0.807 0.074

S 0.767 0.127 S 0.756 0.050

Ray parenchyma cells/Ray parenchyma cells

J 0.734 0.094 J 0.782 0.059

M 0.781 0.067 M 0.799 0.066

S 0.770 0.070 S 0.820 0.031

Table 3. Averages and standard deviations of sphericity of the longitudinal parenchyma cells,
longitudinal tracheids and ray parenchyma cells for Eucalyptus globulus and Cupressus macrocarpa per

age group.
Eucalyptus globulus Cupressus macrocarpa

Standard Standard

Average o Average ..
Age Group Deviation  Age Group Deviation

(um?) (um?) (um?) (um?)

Longitudinal parenchyma cells/Longitudinal tracheids

J 0.786 0.082 J 0.829 0.055

M 0.771 0.083 M 0.833 0.048

S 0.781 0.073 S 0.823 0.051

Ray parenchyma cells/Ray parenchyma cells

J 0.778 0.058 J 0.800 0.058

M 0.802 0.062 M 0.829 0.049

S 0.797 0.070 S 0.843 0.042

A total of 453 (i.e., 163 juvenile, 159 mature and 131 senile) ray parenchyma cells from the
eucalyptus samples and 332 (i.e., 105 juvenile, 131 mature and 96 senile) from the cypress samples were
measured and analysed. The tissue-microstructure transitions per age group for this specific component
are presented in Figure 8. For the eucalyptus samples, from juvenile to senile ray parenchyma cells,
the results show an increase in density and a decrease in area. For the cypress samples, the results
reflect an increase in both density and area. However, the differences between species and group ages
for density and area of the ray parenchyma cells are not significant (p-value > 0.05 in all cases).
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Eucalyptus globulus

Cupressus macrocarpa

Figure 8. Microphotographs of tangential cuts obtained in SEM for the comparison of green
tissue-microstructure transitions in Eucalyptus globulus and Cupressus macrocarpa per age group.
(a—c) show the transitions of ray parenchyma cells in Eucalyptus globulus, whereas Figure (d) to
(f) show the corresponding transitions for Cupressus macrocarpa.

3.2. Density and Moisture Content

Results of the calculated basic densities and their corresponding saturated moisture contents
for the 53-wood small-clear samples (i.e., 30 eucalyptus samples and 23 cypress samples) tested to
fulfil the purposes in this part of the study are given in Table 4. Figure 9 plots the measured basic
density against the measured moisture content of all samples shown per wood age group. The results
from Figure 9 and Table 4 show that the average calculated basic density for senile eucalyptus
samples was 1.04 and 1.12 times greater than the corresponding ones for mature and juvenile samples,
respectively. For the cypress samples, it was 1.15 and 1.37 times greater than the mature and juvenile
ones. Contrarily, the average moisture content of the juvenile eucalyptus samples was 1.12 and 1.17
times greater than the corresponding ones for mature and senile samples, respectively, and 1.06 and
1.09 times, respectively, greater for the cypress species; which denotes, the moisture content in wood
species is inversely proportional to the basic density. Both properties, however, are well correlated
with each other by the power functions shown in Figure 9. The ANOVA statistical analyses support
these findings and show that there are significant differences between group ages and species for both
basic density and moisture content (p-value < 0.05).

Table 4. Measured basic densities and moisture contents per wood age group of the Eucalyptus globulus
and Cupressus macrocarpa.

Eucalyptus globulus Cupressus macrocarpa
Average Basic Moisture Average Basic Moisture
Age Group Density Content Age Group Density Content
(kg/m®) (%) (kg/m®) (%)
J 626 82.3 J 358 84.7
M 678 732 M 426 79.8
S 703 70.2 S 489 72.2
Avg. 669 752 Avg. 439 77.5
St. Dev. 35.00 6.31 St. Dev. 61.55 6.35

CoV 0.05 0.08 CoV 0.14 0.08
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Figure 9. Basic density vs. green moisture content measured per wood group age for (a) the eucalyptus

samples, and (b) the cypress samples.

Overall, the average basic density of the eucalyptus samples was 1.53 times greater than the
corresponding one to the cypress samples that reflects the eucalyptus wood tissue (i.e., hardwood tissue)
is harder than the cypress wood tissue (i.e., softwood tissue). According to [13,15,28], the mechanical
properties in wood species are all linearly proportional to the basic density. Therefore, in this study,
it is expected that the related mechanical properties for each wood species vary accordingly, i.e., higher
modulus of resistance and modulus of elasticity for the eucalyptus species and vice versa for the

cypress species.

3.3. Green Compressive Stiffness and Strength

Average results from the compressive tests carried out on the 56 hardwood and softwood green
small-clear samples are given per group age in Table 5. Figure 10 plots for both species the calculated
green MOR and MOE for this mechanical mode against the corresponding green densities.

Table 5. Average green modulus of rupture (MOR) and modulus of elasticity (MOE) per wood group

age of the Eucalyptus globulus and Cupressus macrocarpa samples tested under the compression mode.

Eucalyptus globulus Cupressus macrocarpa
A(‘;’::ﬁe Average Average Aé::gie Average Average
Group Age Density MORcomp  MOEcomp  Group Age Density MORcomp  MOFcoms
(kg/m?) (MPa) (MPa) (kg/m3) (MPa) (MPa)
J 1145 36.9 9423 J 395 11.9 4489
M 1187 37.5 9864 M 534 14.3 4650
S 1210 37.8 10,059 S 631 16.0 4751
Avg. 1181 374 9782 Avg. 539 14.4 4652
St. Dev. 32,05 0.40 301.36 St. Dev. 100,49 1.79 120.67
CoV 0,03 0.01 0.03 CoV 0,19 0.12 0.03
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Figure 10. Green samples tested under the compression mode to determine the relationship of green
density versus (a) MOR for eucalyptus species, (b) MOE for eucalyptus species, (c) MOR for cypress
species, and (d) MOE for cypress species.

The compressive MOR (p-value = 1.546 X 1073) and MOE (p-value = 4.733 x 107%) averages for
green eucalyptus samples were 2.60 and 2.10 times greater, respectively, than the corresponding ones
to the green cypress samples. It reflects a hardwood species that, at its natural state (i.e., green state),
has more than twice the resistance to bear compressive stresses than softwood species; yet, it also
reflects a softwood species that is about two times more flexible under the action of compressive loads
than hardwood species. Further analyses, not included in this paper because of the research scope,
showed a significant increase (e.g., 1.67 to 2.03 times) in the compressive MOR between green and
air-dry samples for both species; concomitantly, the corresponding MOE for dry samples was about
1.27 times greater than the green samples, which means, wood becomes highly stiff and resistant as its
tissue dries up. The same tendency was observed for the bending mechanical mode.

3.4. Green Bending Stiffness and Strength

Average results from the bending tests carried out on the 50 prismatic green hardwood and
softwood samples are given per group age in Table 6. Figure 11 plots for both species the calculated
green bending MOR and MOE against the corresponding green densities. Results from this mechanical
mode showed similar tendencies for both species as per the wood performance under the compression
mechanical mode (i.e., MOR and MOE progressively increased as the wood-tissue ages). Specifically,
the total averages bending MOR (p-value = 1.402 x 10~#) and MOE (p-value = 3.381 x 103) for green
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eucalyptus samples were 1.82 and 2.16 times greater, respectively, than the corresponding ones to green
cypress samples. The results reflected once again, a eucalyptus green tissue that was about two times
more resistant and stiff under the influence of bending loads than the cypress green tissue.

Table 6. Average green MOR and MOE per wood group age of the Eucalyptus globulus and Cupressus
macrocarpa samples tested under the bending mode.

Eucalyptus globulus Cupressus macrocarpa
Aé::gﬁe Average Average Aé:::rgle Average Average
Grou Grou
Agep Density MORbend MOEbend Agep Density MORbend MOEbend
(kg/m?3) (MPa) (MPa) (kg/m3) (MPa) (MPa)
J 1182 72.9 9574 J 494 32.1 3635
M 1222 74.6 9671 M 560 35.1 4265
S 1285 779 9784 S 646 38.7 4935
Avg. 1230 75.1 9676 Avg. 590 41.2 4474
St. Dev. 45.09 2.31 95.34 St. Dev. 69.10 3.28 578.18
CoV 0.04 0.01 0.01 CoV 0.12 0.09 0.13
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Figure 11. Green samples tested under the bending mode to determine the relationship of green density
versus (a) MOR for eucalyptus species, (b) MOE for eucalyptus species, (c) MOR for cypress species,
and (d) MOE for cypress species.
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From the ANOVA statistical analyses, it was found that all mechanical properties had a significant
difference between species and among group ages (i.e., their p-value < 0.05).

4. Discussion

4.1. Green Tissue-Microstructure Analyses

As mentioned before, longitudinal cypress tracheids showed a quasi-linear decrease in density
with a consequent quasi-linear increase in area that reflects the need of the tree to supply water,
minerals and nutrients to the different parts as it grows. Moreover, the increase in the number of ray
parenchyma cells likely occurred by the radial growth of the trunk that in turn demands higher water
and nutrients flow throughout the wood tissue, while the decrease in the number of longitudinal
tracheids was directly related to the increase in the lumen area of this component [29].

The functions of tracheids in softwoods are for both transport and mechanical support, while in
hardwoods, fibres and vessel elements are responsible for the mechanical resistance of the tree [30].
Density and lumen area of eucalyptus vessel elements quasi-linearly decreased and increased,
respectively, as a function of the age group; these correlations for vessel elements were similar
to the longitudinal tracheids in cypress species, meaning both cell types account for the transportation
of water and nutrients in greater scales as the tissue ages. In the case of the cypress species, the area of
the tracheids in the transversal cut was bigger than in the longitudinal cut, logically denoting that
transport of water and nutrients is predominantly towards the vertical (axial) direction of a tree.

For eucalyptus samples, the vessel elements underwent a transition from quasi-circular to elliptical
shape as a function of the tissue age (see Figure 4). The reason for this change may be explained
by the fast tree trunk-tissue growth rate and the consequent adaptation of vessel elements to the
new wood tissue area when sapwood turns into heartwood; in addition, the cell wall connections
between parenchyma and vessel elements may exert structural pressure within the heartwood
composition [31,32]. In cypress and eucalyptus samples, the shape parameters of roundness and
sphericity in longitudinal and ray parenchyma cells remained quasi-constant as a function of age group.
It seems then the circular or quasi-hexagonal shapes of the tracheids are the optimal geometry during
all stages of growth. It suggests, though, future studies to be undertaken to fully characterise both
species under the parameters investigated herein, thereby including representative wood samples from
other trunk heights, peripheral positions and even different regions, altitudes, climatic conditions and
ages. The knowledge acquired from such studies would be of relevant importance to better understand
the influence of the cellular nature of both wood species on their overall biomechanical performances.

4.2. Wood Strength and Stiffness

From the acquired results in the compressive and bending mechanical modes, it can be noticed
that, for both species, the green MOR and MOE progressively increased as the wood aged from
juvenile to senile tissue. This finding accurately correlates [33] in the context that biological materials
are versatile because they experience a variation in material properties as they age or as a response
to the forces they are exposed to, e.g., juvenile plant cell walls are ductile (i.e., able to undergo a
change in form without breaking), whereas mature/senile plant cell walls are likely to be more resilient
(i.e., capable of regaining its original position or shape after being exposed to external loadings).

From the literature reviewed in [8], it was found that, for juvenile wood tissues, cellulose causes a
gradual accumulation of this material on the cell-walls of the cambial region, whereas lignin does the
similar process in mature and senile wood tissues, likely influencing the transition in shape of fibres,
vessel elements, longitudinal tracheids and ray parenchyma cells, as seen in the microphotographs
from Figures 4, 7 and 8. The cellulose microfibrils are more flexible than lignin that is rather rigid; thus,
this singularity explains from one perspective, the reason why mature and senile wood tissues are
more rigid and mechanically resistant (as shown in Figure 12 for eucalyptus species) than the juvenile
ones [15,34-36], and logically explains also the transition in strength and flexibility of trees per age



Forests 2020, 11, 569 18 of 21

groups. In this context and from Figure 12, it is visibly clear that juvenile wood cell-walls were visibly
thinner than the corresponding ones for the other group ages; thus, it could be inferred that with the
time as the wood tissue-microstructure reaches its maturity state, several layers of the secondary cell
wall are formed where all lignin accumulates and gives the tree trunk greater strength and stiffness.
Lignin is a kind of complex organic polymer that forms basic structural materials in the support
wood-tissues of trees. Trees become stiffer as age and external loads (e.g., wind pressure) are resisted
with a material of high flexural rigidity, which is achieved by two possible strategies (i) the permanent
formation of new lignified layers of cell walls that allows for better accumulation of material, increasing
wood-tissue density and, therefore, increasing the modulus of elasticity, and (ii) by increasing the cell
wall diameters through secondary growth, which results in a considerable increase in the moment of
inertia of the tree trunk with a consequent increment of its flexural stiffness.

_—
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Figure 12. The progressive increment in the thickness of cell-walls for vessel elements embedded
in parenchyma cells from juvenile to senile eucalyptus tissue-microstructure likely influences on the
linear increase in density and bending strength as the wood-tissue ages. It was found in this study
that this is a common phenomenon for both studied species in terms of density, compressive and
bending strength and stiffness. Yet, the cell-wall thickness augmentation is of greater magnitude for
the eucalyptus species.

5. Conclusions

The composition of softwoods is simpler than hardwoods. Softwoods have fewer cell types
(longitudinal tracheids, longitudinal and ray parenchyma), their arrangement is more regular, and its
tissue-microstructure undergoes fewer changes in terms of shape and composition. The previously
analysed mechanical performance is a logical derivation of the characteristic tissue-microstructure of
the investigated species herein. Indeed, the characteristic porous vascular system made up of strong
fibres, large vessel elements and abundant parenchyma, provide most of the structural support in
hardwoods, as the characteristic longitudinal tracheids do for softwoods [7,8]. From the acquired
results in this study, the complex vascular system of the hardwood tissue species that connect the
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top of the tree with the root system [37], that in turn provides the higher eucalyptus mechanical
strength, is microscopically visible. It can also be inferred, however, that, for the investigated softwood
tissue-microstructure, the longitudinal tracheids and its typical elongated perforated plates likely
influence on its higher flexibility [38].

The statistical analyses determined that all studied variables for both species and age groups
complied with the conditions of normality and analysis of variances, which allowed to technically
state tendencies for the acquired results. From our experimental results (valid for the specific
geographical region, altitude and prevailing climatic conditions in the area where sourced our wood
samples as well as for the specific ages, trunk height and peripheral positions investigated herein),
the progressive increment of cell-wall thickness as the wood-tissue ages, and this process is of greater
magnitude for eucalyptus species (see Figures 4 and 7), has been clearly identified for both species.
The pre-eminence in compressive and flexural strengths (i.e., MORcomp and MORpeng) of the hardwood
tissue (i.e., eucalyptus species) makes it suitable for structural applications (e.g., at its dry state,
it can be effectively used as beams, columns, portal frames and trusses in low-rise and mid-rise
residential buildings), whereas the superior flexibility found in the softwood tissue (i.e., cypress
species) could be well bio-mimicked into engineered wood products (EWP) and composite biopanels,
where the balance between strength and rigidity is of high relevance. Nevertheless, further research
is needed to validate our results and also to foresee other engineering applications that could be
potentially derived from additional experimental tests (e.g., impact bending strength) and other
methods of analysis [e.g., dynamic mechanical analyses (DMA), cell wall analyses (AFM—atomic force
microscopy) and determination of the elastic modulus by the Derjaguin-Muller-Toporov (DMT) model
to predict mechanical properties]. Indeed, the advanced knowledge, herein, partially contributes to
the understanding of the inherent microstructure—performance relationship of eucalyptus and cypress
wood tissues.
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