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Abstract: Moisture- and orientation-dependent mechanical properties of the S2 secondary
cell wall layer are needed to better understand wood mechanical properties and ad-
vance wood utilization. In this work, nanoindentation was used to assess the orientation-
dependent elastic moduli and Meyer hardness of the loblolly pine (Pinus taeda) S2 layer
under environmental conditions ranging from 0% to 94% relative humidity (RH). The
elastic moduli were fit to a theoretical transverse isotropic elasticity model to calculate
the longitudinal elastic modulus, transverse elastic modulus, axial shear modulus, and
transverse shear modulus for the S2 layer at 0%, 33%, 75%, and 94% RH and 26 ◦C. The
longitudinal elastic modulus was consistently higher than the transverse elastic modulus
because of the orientation of the stiff cellulose microfibrils in the S2 layer. The axial shear
modulus was consistently higher than the transverse shear modulus. The Meyer hardness
had a much smaller orientation dependence than the elastic properties. Moisture generally
plasticized the S2 layer. Over the range of RH tested, the longitudinal elastic modulus de-
creased by 30%, the transverse elastic modulus and transverse shear modulus decreased by
83%, the axial shear modulus did not have an observable trend with RH, and the hardness
decreased by 68% to 82% with the hardness in the longitudinal direction softening less than
in the transverse direction.

Keywords: secondary cell wall; wood; nanoindentation; transverse isotropic; elastic
modulus; hardness

1. Introduction
As a multiscale cellular material, the mechanical properties of wood derive from the

properties and organization of its smaller-scale components [1,2]. Within a wood cell wall,
the S2 secondary cell wall layer is the thickest (Figure 1), and its properties often have a
dominating influence on bulk wood properties [2]. The S2 layer is a nanofiber-reinforced
composite with stiff cellulose fibrils oriented parallel to each other and helically embedded
in a more compliant matrix of amorphous cellulose, hemicelluloses, and lignin [2,3]. The
angle between the longitudinal axis of the fibrils and the longitudinal axis of the wood
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cell is called the microfibril angle (MFA). Because of the orientation of the cellulose fibrils,
the elastic properties of the S2 layer are anisotropic, and the longitudinal stiffness in the
direction along the fibrils is much higher than the transverse stiffness in the direction
perpendicular to the fibrils [4–6].
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Figure 1. Schematics of (a) wood microstructure and the S2 secondary cell wall layer nanostructure
with cellulose fibrils (b) organized in concentric lamellae [7] and (c) randomly distributed in the
transverse plane. Normal wood cell walls, including tracheids in softwoods and fiber cells in
hardwoods, consist of the three secondary cell wall layers S1, S2, and S3. Wood cells are held
together by the lignin-rich compound middle lamella (CML). The microfibril angle (MFA) defines
the angle at which the cellulose fibrils are helically wound in the secondary cell wall layers. In
the S2 layer, the longitudinal direction is aligned with the cellulose fibrils’ longitudinal axes (LS2)
and directions parallel (∥) and perpendicular (⊥) to the lumen surface in the transverse plane are
indicated. In this work, the S2 layer was assumed to be a transversely isotropic material in a Cartesian
coordinate system (x1, x2, x3) with the axis of rotational symmetry (x3) parallel to LS2. The plane of
isotropy, defined by the x1 and x2 axes, was normal to the x3 axis. The transversely isotropic material
assumption implies that the cellulose fibrils were randomly distributed within the plane of isotropy,
as shown schematically in (c).

A thorough characterization of the S2 layer mechanical properties, especially their
dependence on moisture, is a prerequisite for improving our understanding of wood me-
chanical properties [1,2]. Wood is a hygroscopic material, and absorbed water generally has
a plasticizing effect. Mechanical properties of bulk wood [8,9] as well as the S2 layer [10–14]
are strongly moisture-dependent, with a general trend of decreasing properties with in-
creasing moisture. A better understanding of mechanical properties would also advance
wood utilization. For example, although bulk wood is widely used in engineering applica-
tions because of its exceptional strength-to-weight ratio [15], many modern wood-based
structural materials are often composites with multiple pieces of wood bonded together by
adhesives [16]. Efforts to improve wood-adhesive bondlines and their moisture durability
would be accelerated by an improved understanding of the S2 layer mechanical proper-
ties in the cells nearest to the bondlines. Additionally, wood modifications that aim to
improve resistance to fungal degradation in high moisture conditions, such as thermal
treatments [17], also tend to embrittle wood, which can limit the structural utility of the
modified wood. The development of better wood modifications would also be accelerated
by an improved understanding of the wood S2 layer’s mechanical properties.
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The S2 layer must be tested in multiple directions to characterize its anisotropic elastic
properties. Jäger and coworkers [18,19] identified nanoindentation as the only method
available to experimentally determine the S2 layer anisotropic elastic constants. In a nanoin-
dentation experiment, a carefully shaped probe is pressed into a material following a
prescribed loading protocol. The resulting load-depth trace is then used to determine
mechanical properties like elastic modulus and hardness [20]. Jäger and coworkers used
Berkovich probe nanoindentation experiments and a theoretical model developed by
Vlassak and coworkers [21]. This model provides relationships between measured nanoin-
dentation moduli, indentation direction relative to the longitudinal axes of the cellulose
fibrils, and the S2 layer anisotropic elastic constants. Jäger and coworkers assumed that the
anisotropy of the S2 layer elastic properties could be approximated by transverse isotropy,
in which the axis of rotational symmetry is parallel to the longitudinal axes of the cellulose
fibrils. A transverse isotropic elastic solid is described by five independent elastic constants,
such as the longitudinal elastic modulus, the transverse elastic modulus, the axial shear
modulus, and two Poisson’s ratios. To determine the S2 layer transverse isotropic elastic
constants, Jäger and coworkers [18,19] first experimentally measured nanoindentation
elastic moduli across the full range of indentation directions relative to the cellulose fibrils.
Then, they made the simplifying assumption of setting both Poisson’s ratios equal to 0.3.
Finally, an error minimization procedure was employed to fit the nanoindentation elastic
moduli to the Vlassak and coworkers’ model to calculate the longitudinal elastic modulus,
transverse elastic modulus, and axial shear modulus.

Jäger and coworkers [18,19] tested under an unreported humidity condition, and
furthermore embedded their wood samples with a low-viscosity epoxy to facilitate sample
preparation. Epoxy embedment has been shown to affect the mechanical properties of wood
cell walls tested with nanoindentation [22,23]. Nanoindentation experiments on wood can
also be performed under humidity control [12]. In this work, we build upon the previous
work of Jäger and coworkers [18,19] to experimentally determine the moisture-dependent
transverse isotropic elastic material parameters for the S2 layer in unembedded wood over
the hygroscopic relative humidity (RH) range of 0% to 94%. The Meyer hardness across all
orientations and RH conditions was also measured. These nanoindentation experiments
are part of a larger study on how moisture affects the mechanical and volumetric swelling
properties of wood cell walls. In recent studies on wood from the same growth ring
studied in this work, the moisture-dependent free volume was characterized using positron
annihilation loss spectroscopy (PALS) [24], and the moisture swelling of the cell wall and
cellular structures were studied with micro-X-ray-computed tomography (µXCT) [25].
Therefore, the materials and RH conditions were chosen to match those of the other
experiments that are being performed in the larger study.

2. Materials and Methods
2.1. Materials

The angle between the nanoindentation direction and the longitudinal axes of the
cellulose microfibrils is termed δ. The experimental nanoindentation data needed to
calculate the S2 layer transverse isotropic elasticity tensor required performing experiments
over a wide range of δ. For this purpose, a series of latewood loblolly pine (Pinus taeda)
specimens were prepared from a single growth ring. Latewood was chosen because of its
thicker S2 layer. The loblolly pine was obtained from a sawmill in Shagualak, MS, USA, as a
kiln-dried board measuring 3.8 cm thick, 28.6 cm wide, and 4.88 m long. A 2.5 cm long piece
of the board was cut, and a growth ring without compression wood, approximately 17 cm
from the pith, was chosen. From this cut piece of wood, a section of latewood about 3 mm
in the radial direction and 15 mm in the tangential direction was removed using a chisel.
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The latewood section was then fit into a sliding microtome equipped with a disposable
blade, and a smooth radial-longitudinal surface was prepared on one face. After reducing
the piece to about 3 mm in the tangential direction, it was cut into seven pieces along the
wood’s longitudinal direction (Figure 2a) using a fine-tooth saw and a small miter box.
Aluminum cylinders (9.5 mm diameter, 16 mm long) were machined such that one end had
a surface with angle θ = 0◦, 11◦, 22.5◦, 45◦, 67.5◦, or 79◦ with respect to the longitudinal
axis of the cylinder (Figure 2b). A thin layer of five-minute epoxy was then used to adhere
the microtomed radial-longitudinal surface to the angled cylinder face. For specimens
1–6, the specimens were bonded such that when viewed from the front (Figure 2c), the
longitudinal wood axis was parallel to the aluminum cylinder longitudinal axis. Specimen
7 (Figure 2d,e) was prepared using another θ = 0◦ aluminum cylinder. For this specimen,
the microtomed radial-longitudinal surface was bonded with the wood longitudinal axis
perpendicular to the cylinder longitudinal axis.
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Figure 2. Schematics of how wood specimens were cut and mounted for nanoindentation experiments
relative to the wood longitudinal (L), radial (R), and tangential (T) directions. (a) Seven specimens
were cut from a single piece of latewood, with the same microtomed R–L surfaces bonded to the
holders. For specimens 1–6 (b,c), the L direction was bonded parallel to the striation direction when
viewed from the front. The striation direction was parallel to the aluminum cylinder’s long axis. For
specimen 7 (d,e), the wood L direction was perpendicular to the striation direction when viewed
from the front.
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A dissecting microscope was used to check and measure any misalignment of the
bonded specimens. The cylinder surfaces had striations that were parallel to the cylinder’s
longitudinal axis (Figure 2b–e). Optical microscopy images were taken from the front
and side of the bonded specimens. FIJI [26] was then used to measure the angle between
the striations and tracheid longitudinal axes. The angle between the striations and wood
longitudinal axes measured from the radial-longitudinal block face was called α, and the
angle measured with respect to the tangential-longitudinal block face was called β. As
described in Section 3.2, α and β were used in the calculation of δ for the S2 layers tested
with nanoindentation.

2.2. Nanoindentation

Nanoindentation surfaces were prepared in wood cell walls without epoxy embedment
following previously established procedures [27]. In brief, a hand razor was used to
carefully trim a pyramid with an apex in the region of interest. Then, the aluminum
cylinders were fitted into a Leica EM UC7 ultramicrotome (Wetzlar, Germany) equipped
with a diamond knife such that the prepared surface in the wood specimen was cut
normal to the mounting cylinder’s longitudinal axis. Surfaces were prepared by removing
200-nm-thick sections from the apex until an appropriately sized surface was prepared,
typically a few 100’s micrometers on a side. For specimens 1–6, the prepared surfaces
with respect to the wood anatomical orientation varied from the transverse plane (θ = 0)
towards the radial-longitudinal plane as the cylinder angle increased. Specimen 7 had a
nanoindentation surface prepared in the tangential-longitudinal plane. It was not possible
to create a nanoindentation surface in a radial-longitudinal plane because inevitably there
would be a ray near the apex of the pyramid cut with the hand razor, and the peak of the
pyramid would flake off in the ultramicrotome at the weak plane caused by the ray.

A Bruker-Hysitron (Minneapolis, MN, USA) TriboIndenter equipped with a diamond
Berkovich probe was used. The machine compliance, probe area function, and tip round-
ness effects were determined from a series of 80 nanoindentations in a fused silica standard
using the load function and the procedures in [28,29]. Following the calibration reporting
procedure prescribed in [28]: Values for the square root of the Joslin-Oliver parameter
of 1.196 ± 0.002 µm/N1/2, elastic modulus of 72.0 ± 0.2 GPa, and Meyer’s hardness of
8.82 ± 0.04 GPa (uncertainties are standard errors) were assessed for fused silica calibration
nanoindentations with contact depths between 42 and 186 nm; no systematic variations of
machine compliance or Joslin-Oliver parameter were observed in the systematic SYS plot
analysis over this range of contact depths.

Nanoindentation was performed under dry conditions (0%), 33%, 75%, and 94% RH.
The RH inside of the nanoindentation enclosure was maintained during the experiments
using an InstruQuest (Coconut Creek, FL, USA) HumiSysTM HF RH generator. Experiments
were performed in absorption beginning at 0% RH. Specimens were conditioned inside the
nanoindenter enclosure for at least 48 h at each RH before experiments were performed.
The temperature varied between 25 ◦C and 27 ◦C during the experiments. The calibration
of the temperature and humidity sensor inside the nanoindentation enclosure was verified
using a Control Company (Webster, TX, USA) 4085 Traceable® Hygrometer Thermometer
Dew Point meter.

Scanning probe microscopy (SPM) images obtained using the Berkovich probe in the
TriboIndenter were used to help position the nanoindentations in the S2. SPM images were
obtained while the specimen was conditioned at a given RH using a 1 Hz scanning rate and
1 µN load setpoint. For specimens 1–6, SPM images were created of the double cell walls.
Three to five nanoindentation locations were chosen on the tangential side of each of the S2
layers in the double cell wall using the SPM image and the piezo automation method. For
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specimen 7, SPM images were used to position the nanoindentations in the radial side of
the S2 layers in double cell walls. Post-nanoindentation SPM images were used to verify
the nanoindentation locations. Any nanoindentation that was not completely contained
within the S2 layer was excluded from further analysis. In each specimen at each RH, two
or three double cell walls were tested. The multiload load function described in [30] was
used in this study. The maximum load depended on RH and decreased from 0.8 mN at
dry conditions to 0.3 mN at 94% RH. The maximum load decreased with increasing RH to
maintain approximately similar-sized nanoindentations.

Following the analysis algorithm described in Jakes and Stone [27], unloading seg-
ments with contact depths less than 42 nm, which were those found to be affected by tip
roundness effects in the fused silica calibrations, were excluded from the analysis. The
remaining unloading segments for each nanoindentation were then used with the structural
compliance method [31] to remove artifacts caused by edge effects and specimen-scale
flexing at each nanoindentation location. After correcting the data for structural compliance,
the indentation modulus (M) of contact was calculated using the following:

M =

√
π

2
S√
A0

(1)

where A0 is the is the contact area and S is the contact stiffness calculated by fitting the
Oliver–Pharr [32] power law function to 40%–95% of the maximum load of each unloading
segment. For comparison to the transverse isotropic elastic constants, the indentation
Young’s modulus EISO

s , which assumes the material tested is an isotropic material, was also
calculated using the following:

EISO
s =

(
1 − ν2

s

)[ 2√
π

√
A0

S
−

1 − ν2
d

Ed

]−1

(2)

where Ed and νd are the Young’s modulus (1137 GPa) and the Poisson’s ratio (0.07) of
diamond, and νs is the Poisson’s ratio of the material tested. In this work, νs = 0.3 was used.
The Meyer hardness (H) was determined using the following:

H =
P0

A0
(3)

where P0 is the maximum load immediately prior to unloading. After excluding data
affected by tip roundness, no data exhibited any systematic size dependence. Therefore,
from each nanoindentation, all results from the remaining unloading slopes were included
when calculating averages and standard deviations.

Using the protocols of Jäger and coworkers [18,19], the M–δ results at each RH were
fit to the transverse isotropic model developed by Vlassak and coworkers [21]. The
model assumes the S2 secondary cell wall layer can be represented by the stiffness matrix
C =

{
Cij

}
, defined in a right-hand Cartesian coordinate system (x1, x2, x3) as shown in

Figure 1, where x3 is oriented parallel to the cellulose fibrils. The elastic constants are
related to C as follows:

C =



1
Et

− νtt
Et

− νtl
El

0 0 0
− νtt

Et
1
Et

− νtl
El

0 0 0
− νtl

El
− νtl

El
1
El

0 0 0
0 0 0 1

Gtl
0 0

0 0 0 0 1
Gtl

0

0 0 0 0 0 1
Gtt

= 2(1+νtt)
Et


(4)
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where El is the longitudinal elastic modulus in the direction parallel to the longitudinal axes
of the cellulose fibrils, Et is the transverse elastic modulus perpendicular to the cellulose
fibrils, Gtl is the out-of-plane axial shear modulus in a transverse-longitudinal plane, Gtt is
the in-plane shear modulus in the transverse plane, and νtl and νtt are the two Poisson’s
ratios. A transverse isotropic material only has five independent elastic constants. Gtt can
be calculated from Et and νtt as shown in Equation (4). For this work, both Poisson’s ratios
were assumed to be 0.3 for all RH conditions. Setting the Poisson’s ratios to a constant
value was justified in previous work by Jäger and coworkers, who performed a parametric
study of how varying νtl and νtt from 0 to 0.5 affected M [18,19]. They found that varying
the Poisson’s ratios had a negligible effect on M compared to the effects of El , Et, and Gtl .

The transverse isotropic model was numerically fit to the experimental M–δ results by
minimizing the error function [19] as follows:

R =

∑n
i=1

[
Mexp(δi)− Mpred(Et, El , Gtl , δi )

]2

∑n
i=1[Mexp(δi)]

2


1/2

(5)

where Mexp(δi) is the experimental M at δi and Mpred(Et, El , Gtl , δi ) is the M predicted by
the model for the given values of Et, El , Gtl , and δi. For each RH, maps of R as functions Et,
El , Gtl were created to check that the solution was at the only global minimum over a large
material property parameter space and to provide insights into the sensitivity of the model
fit to changes in Et, El , or Gtl .

2.3. Wide Angle X-Ray Diffraction Measurements

The cellulose microfibril angle (MFA) of the same loblolly pine latewood growth ring
tested with nanoindentation was measured as a function of RH using wide-angle X-ray
diffraction (WAXD). Six 50-µm-thick tangential-longitudinal sections were microtomed us-
ing a sled microtome fit with a disposable blade and stacked to form a combined thickness of
300 µm. Preliminary experiments showed that carefully stacked sections produced similar
results as an intact section of equivalent thickness. The stack of sections was chosen because
the thinner sections should equilibrate faster in changing RH conditions. The WAXD data
were collected in transmission mode using a Bruker (Billerica, MA, USA) D8 diffractometer
with a Cu-Kα micro X-ray source (λ = 1.5418 Å), VANTEC-500 two-dimensional detector
(2048 × 2048 pixels with square 68 × 68 µm pixel size), 0.5 × 0.5 mm beam spot size, and
300 s exposure time. The sample detector distance used was approximately 100 mm, and
the sample was calibrated using both silver I behenate (Fisher Scientific, Pittsburgh, PA,
USA) and a silicon powder standard from NIST [33]. The wood samples were placed
inside a custom-built RH chamber with KaptonTM film (DuPont, Wilmington, DE, USA)
windows, where the RH inside of chamber was controlled using either a desiccant, or
aqueous salt solutions made with magnesium chloride, sodium chloride, or potassium
nitrate. Specimens were conditioned in the chamber for at least 24 h before testing. The
RH in the chamber was measured using a Sensirion (Staefa, Switzerland) SHT31 humidity
sensor. At least two WAXD measurements were performed per sample, and two samples
from the same growth ring were measured at 1%, 33%, 73%, and 93% RH conditions.

Data reduction and analysis were implemented using the FabIO [34] and lmfit 1.0 [35]
Python 3.10 libraries [36]. The detector images were imported using FabIO [34], then
transformed into polar coordinates and azimuthally averaged over the 200-diffraction
peak. These azimuthal profiles were then corrected for background contributions by fitting
the profiles to a model that consisted of a Gaussian peak and a cubic background. The
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background was then subtracted from the data. The cellulose MFA was determined by
fitting the corrected 200 azimuthal profiles to a model with three Gaussian peaks [37].

3. Results and Discussion
3.1. Microfibril Angle (MFA) Measurement

The MFA results obtained from wide-angle X-ray diffraction measurements are shown
in Table 1. No systematic effects of RH were detected in the MFA determination. Previ-
ous studies quantifying moisture-induced changes in the MFA are few and have mostly
focused on drying effects. At room temperature, reported drying effects on MFA have been
considered negligible [38] or very minimal, with changes of less than 1◦ between wet and
dried samples [39]. Drying wet wood at elevated temperatures of 60 ◦C or 70 ◦C to 8%
MC resulted in a 2–3◦ increase in MFA [40]. The moisture-dependent MFA results in this
study were similar to those reported in the literature at room temperature. The average
MFA value of 21.3◦ was used in this study to calculate δ.

Table 1. Microfibril angle (MFA) measurements from the same latewood loblolly pine growth ring
tested with nanoindentation. Uncertainties are standard deviations.

Relative Humidity
(%)

MFA
(◦)

1 21.2 ± 1.3

33 21.8 ± 0.6

73 20.9 ± 1.5

93 21.4 ± 1.2

3.2. Calculation of δ

Figure 3 illustrates how sides A and B of the double cell wall were defined for speci-
mens 1–6 and how the αi and βi angles for sides A and B were calculated. The specimen
holders were designed to fit into the nanoindenter so that the striations visible on their
surface were parallel to the indentation direction. Using an optical microscope, the angles
α and β were measured between the striations and the wood longitudinal axis from the
radial-longitudinal and tangential-longitudinal block faces, respectively. In the S2, the
microfibrils have a right-handed helical orientation. For specimens 1–6, the values of α
were the same for sides A and B in a double cell wall. The values of β depended on the
MFA of the helically wound cellulose fibrils. For the S2 layer side A, βA = β + MFA, and
for side B, βB = β − MFA. For specimen 7, β was the same for sides A and B in the double
cell wall, whereas αA = α + MFA and αB = α − MFA. For each S2, the value of δ can be
calculated using the following:

δ = arctan
(

tan2 αi + tan2 βi

)1/2

(6)

where i is either A or B, indicating the side [19]. The measured values of α and β, along
with the calculated values of δ, are in Table 2. For specimens 5 and 6, it was not possible
to measure α because the radial-longitudinal face was tilted too far to be viewed from
an image taken from the front. Similarly, it was not possible to measure β for specimen
7. However, it should be noted that the angles that were unable to be measured from
specimens 5, 6, and 7 should have minimal impact on the results. A tilt of 5◦—which would
be visible to the human eye—would change δ by less than only 0.1◦, and there was no tilt
that could be observed in the specimens.
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Figure 3. Schematics showing how αi and βi angles were calculated for sides A and B in Specimens 1–
6 using the experimentally measured values of microfibril angle (MFA), α, and β. (a) The indentation
and striation directions on the aluminum cylinder were parallel and the positive and negative
directions for α and β are defined as shown. (b) Anatomical orientations of the wood block bonded
to a 0◦ specimen holder. (c) An approximately radial (R)-tangential (T) plane of wood showing the
compound middle lamella (CML), lumina, and three secondary cell wall layers (S1, S2, and S3). The
wood longitudinal (L) direction is approximately perpendicular to this plane. Nanoindentations
were placed in the S2 layer on the tangential sides of neighboring tracheids within a row of daughter
cells. Each side was consistently designated for specimens 1–6 as A or B. Looking at the front of the
specimen, side A was the right-hand side of the double cell wall, and side B was at the left. The αi and
βi were defined by the indentation direction and direction of the longitudinal axes of the cellulose
fibrils in the S2 layer (LS2) and calculated as shown schematically for sides A and B.
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Table 2. Measured values of α and β for each specimen and calculated values of αi, βi, and δ for sides
A and B in each specimen.

Specimen Cylinder Angle (θ)
(◦) Side α (◦) αi (◦) β (◦) βi (◦) δ (◦)

1 0
A −1.4 −1.4 −3.1 −24.4 24.4

B −1.4 −1.4 −3.1 18.2 18.2

2 11
A 1.7 1.7 11.2 −10.1 10.2

B 1.7 1.7 11.2 32.5 32.5

3 22.5
A −0.5 −0.5 21.7 0.4 0.6

B −0.5 −0.5 21.7 43 43.0

4 45
A 1.6 1.6 43.1 21.8 21.8

B 1.6 1.6 43.1 64.4 64.4

5 67.5
A 0 0 64.3 43 43.0

B 0 0 64.3 85.6 85.6

6 79
A 0 0 75.9 54.6 54.6

B 0 0 75.9 97.2 82.8

7 0
A 85.8 107.1 0 0 72.9

B 85.8 64.5 0 0 64.5

3.3. S2 Layer Elastic Properties

Representative optical and scanning probe microscopy (SPM) images of a prepared
surface and nanoindentations placed in the S2 layers are shown in Figure 4. The surface
prepared with the diamond knife appears bright in the optical image (Figure 4a) because
the exceptionally smooth surface reflects light like a mirror. SPM images of the double
cell walls revealed prepared S2 layer surfaces suitable for nanoindentation under all RH
conditions tested, including the initial 0% RH condition (Figure 4b) and at higher RH,
like the experiments at 75% RH (Figure 4c). The visible compound middle lamella (CML)
and lumen edges in the SPM images were used to place nanoindentations in the center
of the S2 layer. Post-nanoindentation SPM images (Figure 4b,c) were used to verify the
nanoindentation placement.

The S2 secondary cell wall layer has a fiber-reinforced composite structure with stiff
cellulose fibrils embedded in a more compliant matrix of amorphous cellulose, hemicellu-
loses, and lignin (Figure 1). Indentation elastic modulus M results as a function of δ and
RH are in Table 3 and Figure 5. Similar to what was reported by Jager and coworkers [19],
M decreased with increasing δ because of the orientation of the stiff longitudinal axes of the
cellulose fibrils with respect to the indentation direction. At δ = 0◦, nanoindentations were
placed in the transverse plane of the S2 layer (Figure 1b,c), and the stiff fibrils were oriented
parallel to the applied force. In this orientation, the stiff cellulose fibrils were supporting
more of the force and the measured M was higher. However, at δ = 90◦ the stiff cellulose
fibrils were oriented perpendicular to the applied force. The M at high δ was lower because
the more compliant matrix phase had a larger effect. M also decreased with increasing RH
because wood cell walls absorbed more water at higher RH and the water generally acted
as a plasticizer to lower mechanical properties. The amount of softening depended on δ.
From 0% RH to 94% RH, M decreased about 40% for lower δ and decreased up to about
75% at the higher δ.
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Figure 4. Surface preparation and nanoindentations in Specimen 4 with a cylinder angle of θ = 45◦.
(a) Optical microscopy image of the prepared surface obtained using the top-down optics in the
TriboIndenter. Scanning probe microscopy images of nanoindentations in the S2 layer of a double
cell wall performed at (b) 0% RH and (c) 75% RH. The S2 layer, compound middle lamellae (CML),
and empty lumina are indicated in the SPM images. SPM images show the slope shaded to better
visualize the surface features.

Table 3. Indentation modulus (M) as defined in Equation (1) for each RH condition and angle δ.

δ (◦)

0% RH 33% RH 75% RH 94% RH

M (GPa) M (GPa) M (GPa) M (GPa)

n 1 Ave 2 Std 3 n Ave Std n Ave Std n Ave Std

0.6 64 19.1 2.3 48 17.9 1.4 60 14.1 3.4 52 10.8 1.2

10.2 64 17.5 1.7 56 18.0 2.4 67 13.0 1.1 50 10.3 1.1

18.2 64 17.2 1.5 48 15.3 1.5 62 11.2 1.5 63 7.3 1.3

21.8 56 17.5 1.9 48 15.7 1.8 86 11.6 2.3 71 8.6 1.3

24.4 88 15.6 1.6 48 14.9 1.4 60 10.9 1.7 61 7.7 1.0

32.5 64 13.4 2.2 64 12.1 2.1 67 8.1 1.3 71 6.8 1.2

43.0 56 13.3 1.0 40 11.9 0.6 70 7.4 0.7 36 5.0 0.4

43.0 56 12.0 1.2 65 10.1 1.2 61 6.8 1.7 45 4.7 0.5

54.6 64 13.4 1.4 72 12.7 2.3 69 7.5 0.5 54 4.6 0.9

64.4 64 8.2 0.4 65 6.6 0.5 90 3.8 0.2 54 2.3 0.2

64.5 64 8.6 0.6 58 6.1 0.3 71 3.7 0.2 45 2.0 0.2

72.9 32 8.4 0.6 32 6.4 0.5 36 3.7 0.3 18 2.1 0.1

82.8 64 8.0 0.5 72 6.4 0.3 72 3.9 0.2 63 2.1 0.2

85.6 56 8.5 0.5 56 6.4 0.2 61 3.8 0.2 90 2.2 0.1
1 n, number of unloading segments analyzed. 2 Ave, average. 3 Std, standard deviation.
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Figure 5. Average indentation modulus (M) as a function of relative humidity (RH) and the angle
between the nanoindentation direction and longitudinal axes of the cellulose microfibrils (δ). Lines
are transverse isotropic elasticity model fits to the data at each RH.

Following Jager and coworkers [19], Poisson’s ratios νtl and νtt were set equal to 0.3
and the M–δ results in Figure 5 were numerically fit to a transverse isotropic elasticity
model to determine El , Et, and Gtl . The El , Et, and Gtl values at the minimum error R
for each RH are shown in Table 4. Gtt calculated using Equation (4) is also included. The
0.074 to 0.101 range of R values in this study were similar in magnitude to the 0.079 R
value reported by Jager and coworkers, which indicated a similar amount of scatter in
the experimental M–δ data from both studies. For each RH, uniqueness was checked by
mapping R over large ranges of El , Et, and Gtl . Two-dimensional R contour maps are
shown in the Supplementary Materials Figures S1–S4. The parameter ranges mapped were
5 GPa < El < 30 GPa, 0 < Et 10 GPa, and 0 < Gtl < 15 GPa. For each contour map, either
El , Et, or Gtl were held constant at its best-fit value while the other two parameters were
varied over their parameter ranges. The fits were determined to be unique because only
one global minimum was found in calculated R maps. The shapes and spacing of the
contour lines provide insights into how sensitive the model fits were to changes in the
different parameters. Larger spacing between contour lines indicates that larger changes in
the varied property values have only a small impact on the calculated values of R, which
would suggest less confidence in the fitted modulus value. In Figure 6a–d, El , Et, Gtl , and
Gtt are plotted as a function of RH. The error bars in Figure 6a–d represent the ranges of
property values estimated from the error plots in Figures S1–S4 at a contour corresponding
to the best-fit value of R listed in Table 4 plus 0.01. Error bars for Gtt were calculated from
the Et error bars and Equation (4). For El , Et, and Gtt, the sizes of the error bars relative
to the modulus values were relatively consistent. Comparatively, the Gtl error bars in
Figure 6c were much larger, especially at 33% RH and 94% RH. The experimental factors
contributing to these larger error bars for Gtl are not currently known.

These elastic constants were determined using the simplifying assumption that the S2
layer could be approximated by a transversely isotropic material model. An S2 layer with
the proposed concentric lamella structure [7] in Figure 1b would violate this assumption
because the transverse plane has anisotropy caused by the fibrils organized in the lamella
structure. The elastic transverse stiffnesses in the parallel and perpendicular directions are
expected to be different. An orthotropic model with nine independent elastic constants is



Forests 2025, 16, 712 13 of 23

likely more precise. For instance, an orthotropic model would have two axial shear moduli
and two transverse elastic moduli with one in each of the parallel and perpendicular S2
layer directions defined in Figure 1. The simpler transversely isotropic material model used
in this work assumed that the two axial shear moduli and two transverse elastic moduli
were equal. Although no experimental measurements of the orthotropic S2 layer elastic
constants are available to test this assumption, modeling results are available. Harrington
and coworkers modeled the S2 layer as an orthotropic material and reported that the
values of two axial shear moduli were within about 10%, and that the two transverse
elastic moduli were also within about 10% [41]. These 10% differences are much smaller
than the differences between the longitudinal and transverse moduli or the axial and
transverse shear moduli. Therefore, the transversely isotropic material approximation
used in this work was sufficient for assessing the moisture-dependent anisotropic S2 layer
elastic properties. The simpler transverse isotropy assumption was also justified in this
study because implementing the more complex orthotropic model at each RH would have
required a prohibitively large number of additional nanoindentation experiments that
also tested in directions relative to the lamella structure. In principle, nanoindentation
could also be used to study orthotropy in the S2 layer if additional sets of experiments,
with indentation directions relative to the S2 layer lamella structure, could be performed.
These experiments would be needed in addition to experiments varying the indentation
directions relative to the longitudinal axis of the cellulose fibrils.
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Figure 6. The calculated S2 layer (a) longitudinal elastic modulus (El), (b) transverse elastic modulus
(Et), (c) axial shear modulus (Gtl), and (d) transverse shear modulus (Gtt) plotted as a function of
relative humidity (RH). Error bars were determined from the error plots in Figures S1–S4 as described
in the text. The upper limit of Gtl at 94% RH was estimated based on the curvature of the contour
because the R = 0.103 contour went out of range for Gtl in Figure S4a.
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Table 4. Transverse isotropic elastic constants El , Et, Gtl , and Gtt determined at each relative humidity
by fitting the experimental M–δ results to the theoretical model of Vlassak and coworkers [21]. Gtt

was calculated using Equation (4). The associated error R values for the best fits were calculated
using Equation (5).

Relative Humidity
(%)

El
(GPa)

Et
(GPa)

Gtl
(GPa)

Gtt
(GPa) R

0 21.5 5.9 8.1 2.3 0.074

33 21.5 4.1 9.1 1.6 0.101

75 19.2 2.3 6.3 0.9 0.082

94 15.1 1.0 10.0 0.4 0.093

Substantial decreases in elastic moduli were observed at higher RH as the absorbed
water plasticized the S2. Plasticizers are mechanistically understood to increase the free
volume in polymers, which causes increases in polymer segment mobility and mechanical
softening [42]. For polymers with hydrogen bonding, which includes the matrix wood
polymers, water typically plasticizes by breaking polymer-polymer hydrogen bonds and
pushing neighboring polymer chains apart to cause swelling [43–45]. From 0% RH to 94%
RH, El decreased 30%, Et and Gtt both decreased by 83%, while Gtl did not exhibit a change
with RH. The smaller decrease in El , as compared to Et, is consistent with bulk loblolly pine,
in which longitudinal elastic moduli were less sensitive to changes in moisture content
than transverse elastic moduli [8]. The longitudinal elastic moduli are likely less sensitive
to changes in moisture because of the cellulose fibril orientation. Water cannot enter and
plasticize the highly ordered domains of the cellulose fibrils [46]. Therefore, the mechanical
properties of the cellulose fibrils are not expected to change with moisture. The softening in
the matrix wood polymers still has a substantial effect on the longitudinal elastic modulus,
but the effect is larger in the transverse direction where the fibrils and matrix are oriented
closer to a mechanical series. The Gtt decreased the same amount as the Et because in a
transverse isotropic material with an assumed constant νtt, the two moduli are directly
proportional, as shown in Equation (4). The large decrease in Gtt also indicated that the
plasticization of the matrix wood polymers had a large effect on it.

Jäger and coworkers reported El = 26.3 GPa, Et = 4.5 GPa, and Gtl = 4.8 GPa for the
S2 layer of late wood spruce wood (Picea abies). The current results compare relatively
well considering Jäger and coworkers tested a different type of wood at an unknown RH
condition. Before testing, they also embedded their wood in a low-viscosity epoxy resin to
help with surface preparation, which may have substantially impacted their results. For
instance, Meng and coworkers [23] reported a 15% increase in S2 layer nanoindentation
elastic modulus caused by a similar epoxy embedment for nanoindentations performed in
the transverse wood plane, which measured longitudinal properties. It is possible that a
similar embedment effect caused an increased El in the results of Jäger and coworkers.

There are no previous experimental measurements to directly compare the S2 layer
moisture-dependent El , Et, Gtt, or Gtl values. However, the observed trends in El and Et

with RH are consistent with previous elastic property measurements in the longitudinal and
transverse directions of bulk wood. At low RH, the S2 layer El was found to stay a constant
21.5 GPa value from 0% to 33% RH before then decreasing at higher RH. The Et exhibited a
different trend, with the Et showing a consistently decreasing trend with increasing RH.
These behaviors are like the previously observed anisotropy in the moisture-dependent
elastic moduli in woody materials. When testing in the direction parallel to the wood
longitudinal axis under increasing moisture conditions, both bulk wood [8] and bamboo
fiber walls [11] have been observed to initially either stay constant or even increase in
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longitudinal elastic moduli at lower moisture levels before decreasing at higher moisture
contents. In contrast, elastic moduli measured in the transverse direction consistently
decrease with increasing moisture contents. The increase in elastic moduli at low RH is
similar to the behavior observed in the moisture-dependent Young’s modulus measured in
lignin [47]. In contrast, the Young’s modulus of hemicelluloses was found to consistently
decrease with increasing moisture [48]. Insights into the molecular-level mechanisms
responsible for these behaviors are provided by molecular dynamics simulations [11]. At
low moisture contents, in lignin and lignin carbohydrate complexes, it was observed that
the first water molecules enter molecular-scale holes in the lignin structure. This hole-
filling mechanism is also supported by a recent positron annihilation loss spectroscopy
(PALS) study of the moisture-dependent free volume in wood from the same growth ring
studied in this work [24]. PALS found that when going from the dry state, the mean free
volume element size in wood initially decreases at lower RH before increasing at higher RH,
which is interpreted as the first water molecules filling molecular-scale holes in the wood
matrix polymers. In the molecular dynamic simulations [11], the additional hydrogen
bonds between the hole-filling water and lignin increase the overall elastic stiffness of the
lignin structure. Then, at higher moisture contents, the water began to swell and break
intermolecular hydrogen bonds, plasticizing the lignin structures and causing softening. In
contrast, in the hemicelluloses, even the first water molecules swell the molecular structure,
breaking hydrogen bonds and plasticizing the hemicelluloses. The similar trends with
moisture for the elastic moduli measured in the directions parallel to the bulk material
longitudinal axis [8,11] and the S2 layer El measured here indicate that all these measured
moduli are likely being affected more by the lignin than hemicelluloses. Similarly, measured
transverse elastic properties are likely to be influenced more by the hemicelluloses than
lignin. Therefore, when studying the effects of changes in wood polymer structures on
changes in S2 layer mechanical properties, both transverse and longitudinal properties
need to be studied.

Theoretical values for S2 layer elastic constants and their moisture dependence have
been reported in modeling studies. Analytical models have been developed based on
assumptions about the S2 layer composition, structure, and elastic properties of the indi-
vidual wood polymer components [41,49–52]. Molecular dynamics models have also been
constructed using assumed S2 layer compositions and structures, and then the models were
studied computationally to assess S2 layer mechanical properties [53,54]. Results from the
different modelling studies are inconsistent because they rely on different assumptions.
Nevertheless, some useful insights can still be obtained through a general comparison of
modeling results to the nanoindentation results in this paper.

Theoretical S2 layer elastic constants are typically reported at 12% moisture con-
tent, which corresponds closest to the 75% RH condition in this study. Models that
assume a continuous cellulose fibril report S2 layer El values that range from 41 to
87 GPa [41,49,50,52–54]. These modeling results are more than a factor of two higher
than the El = 19.2 GPa value found at 75% RH in this study. The much higher model El

values may be because the continuous fibril assumption is incorrect. Less-ordered regions
every 150-400 nm along the longitudinal axis of cellulose fibrils have been proposed [55–57],
which would suggest a discontinuous fibril in the S2. Horvath and coworkers also studied
S2 layer models with discontinuous fibrils following a Halpin-Tsai model and fibrils that
alternated between crystalline and amorphous cellulose along their length, like a Reuss
composite model [50]. Values of 36 GPa and 15 GPa were reported for the S2 layer El

with Halpin-Tsai and Reuss fibril models, respectively. The lower experimental value of
El in this paper, which supports that a discontinuous cellulose fibril assumption may be
more appropriate than the continuous fibril assumption. Numerous S2 layer axial and



Forests 2025, 16, 712 16 of 23

transverse shear moduli are also reported in the modeling literature. At 12% moisture
content, reported axial shear moduli range from 0.6 to 3.4 GPa, and transverse shear moduli
ranged from 0.4 to 3.0 GPa [41,50–54]. While the Gtt value of 0.9 GPa at 75% RH falls
within the range of the reported model results, the 6.1 GPa value for Gtl is about a factor of
two higher.

In modeling studies examining moisture-dependent S2 layer properties, the elastic
constants El , Et, Gtt, or Gtl all substantially decrease with increasing moisture [50,53,54].
Additionally, the model trends of El and Et with moisture show that the El is less sensitive
to moisture than Et. As previously described, moisture has less of an impact on El than Et

because of the orientation of the stiff cellulose fibrils, which are not plasticized by water.
The theoretical trends of El , Et, and Gtt with moisture, are generally consistent with the
experimental results in Figure 6a, Figure 6b, and Figure 6d, respectively. However, the lack
of an observable trend with moisture for the experimental Gtl (Figure 6c) is inconsistent
with the moisture dependence observed in the theoretical modeling. The fact that El and
Gtl change by relatively small amounts (at most 25%) with increasing RH suggests that
these properties reflect a strong constraint of deformation by the cellulose fibrils, which
are relatively insensitive to moisture content. On the other hand, for Et and Gtt, the drop
by 83% suggests that deformation circumvents the constraint of the cellulose fibrils and
follows the matrix polymers, which are quite sensitive to moisture content. These behaviors
are physically reasonable and consistent with the behavior of a fiber-reinforced composite
taken with the Voigt (El and Gtl) and Reuss (Et and Gtt) averages.

It remains unknown whether these discrepancies in elastic constant values and trends
with moisture arise from errors in the models or the nanoindentation protocols employed
in this study. For example, in the comparison of experimental Gtl to the modeling results,
the experimental values were higher, and the moisture dependence was lower. These dis-
crepancies may suggest that the stiff cellulose fibrils have a larger effect on Gtl results with
current models’ predictions. Therefore, future modeling and nanoindentation work should
be executed simultaneously studying S2 layers with systematically different compositions
and structures to refine the understanding of both the S2 layer models and nanoindentation
results. Additional research to better understand the S2 layer nanostructure and moisture-
dependent mechanical properties of individual wood polymer components would also
help improve future models.

For comparison, EISO
s calculated using Equation (2) are given in Table 5 and plotted in

Figure 7. The EISO
s assumes the material tested is elastically isotropic. EISO

s follows similar
trends as M with regards to δ and RH but is systematically lower because EISO

s accounts for
the S2 layer Poisson’s ratio and the elastic properties of the diamond indenter as shown in
Equation (2). For the lowest value of δ, which would be closest to measuring in the direction
parallel to the cellulose fibril longitudinal axis, the values of El were 40%–75% higher than
EISO

s across the different values of RH. For the transverse direction at the highest δ, El were
15%–40% lower than EISO

s . These discrepancies demonstrate the necessity of measuring
M − δ and fitting the results to a transverse isotropic elasticity model to more accurately
obtain the S2 layer El and Et. The fitting was necessary because even for carefully aligned
experiments, individual values of EISO

s are not expected to measure a single elastic constant
because of the Berkovich probe geometry. The Berkovich probe is a blunt three-sided
pyramid with a 65.27◦ angle between its vertical axis and pyramid faces [21,52]. The
forces exerted by the probe as it is pressed into a material are multidirectional. Therefore,
when testing an anisotropic material like the S2 layer the EISO

s will be influenced by all the
anisotropic elastic constants.
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Table 5. Indentation Young’s modulus (EISO
s ) as defined in Equation (2) for each RH condition

and angle δ. The EISO
s was calculated using the incorrect assumption that the S2 layer was elasti-

cally isotropic.

δ (◦)

0% RH 33% RH 75% RH 94% RH

EISO
s (GPa) EISO

s (GPa) EISO
s (GPa) EISO

s (GPa)

n 1 Ave 2 Std 3 n Ave Std n Ave Std n Ave Std

0.6 64 15.5 1.8 48 14.5 1.1 60 11.4 2.7 52 8.7 1.0

10.2 64 14.2 1.4 56 14.6 1.9 67 10.5 0.9 50 8.3 0.8

18.2 64 13.9 1.2 48 12.4 1.2 62 9.0 1.2 63 5.9 1.0

21.8 56 14.2 1.5 48 12.7 1.5 86 9.4 1.8 71 6.9 1.1

24.4 88 12.6 1.3 48 12.0 1.2 60 8.7 1.3 61 6.2 0.8

32.5 64 10.8 1.8 64 9.7 1.7 67 6.5 1.0 71 5.4 1.0

43.0 56 10.7 0.8 40 9.6 0.5 70 6.0 0.6 36 4.0 0.3

43.0 56 9.7 0.9 65 8.1 1.0 61 5.5 1.3 45 3.8 0.4

54.6 64 10.8 1.1 72 10.2 1.8 69 6.0 0.4 54 3.7 0.7

64.4 64 6.6 0.3 65 5.3 0.4 90 3.0 0.2 54 1.9 0.2

64.5 64 6.9 0.4 58 4.9 0.2 71 3.0 0.2 45 1.6 0.1

72.9 32 6.8 0.5 32 5.2 0.4 36 3.0 0.2 18 1.7 0.1

82.8 64 6.4 0.4 72 5.2 0.3 72 3.1 0.2 63 1.7 0.1

85.6 56 6.9 0.4 56 5.2 0.1 61 3.1 0.2 90 1.7 0.1
1 n, number of unloading segments analyzed. 2 Ave, average. 3 Std, standard deviation.
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Nanoindentation experiments on wood cell walls in the literature typically report
elastic modulus values calculated similar to how EISO

s was calculated in this study. There-
fore, the EISO

s results in Table 5 and Figure 7 could be compared to results from previous
studies on the S2 layer that examined the effects of changes in δ or moisture content. The
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trends with δ and moisture in this study were consistent with the literature results and
our values compared generally well considering the differences between studies in wood
types, sample preparation methods, and nanoindentation protocols. In the literature, all
experiments discussed below were performed on surfaces prepared in the transverse plane
of bulk wood. Therefore, the reported MFA values are equivalent to the δ defined in
this study. Gindl and coworkers measured the effects of MFA on nanoindentation elastic
modulus by testing both normal and reaction wood in spruce [58]. For S2 layers with MFA
ranging from 0◦ to 50◦, they reported a decrease in elastic modulus from 17.5 GPa to 8 GPa.
Wanju and coworkers tested Masson pine (Pinus massoniana Lamb) specimens with an MFA
of 16◦, 27◦, or 38◦ at 20% RH, 40% RH, and 60% RH [14]. They reported an elastic modulus
decrease from 17.6 GPa to 13.8 GPa going from an MFA of 16◦ to 38◦ at 20% RH. From 20%
RH to 60% RH, they reported decreases in elastic moduli of 7%, 12%, and 6% for MFAs of
16◦, 27◦, and 38◦, respectively. Yu and coworkers tested Masson pine from 20% RH to 70%
RH and reported a decrease in elastic modulus from 20 GPa to 17 GPa over that range [12].
Spruce wood was tested by Bertinetti and coworkers from 6% RH to 79% RH, and they
reported that the elastic modulus decreased from 21 GPa down to 13 GPa [10]. Meng and
coworkers tested loblolly pine from dry conditions to 36% RH and reported a decrease in
elastic modulus from 13.9 GPa to 9.4 GPa [13].

3.4. S2 Layer Hardness Properties

Meyer hardness H was also assessed during the Berkovich nanoindentation exper-
iments. The H values as a function of δ and RH are in Table 6 and Figure 8. From 0%
RH to 94% RH, moisture-induced plasticization caused softening and for a given δ the H
decreased between 68% and 82% with the general trend of more softening at higher δ. The
dependence of H on δ was not as obvious as for the elastic properties. This is consistent
with previous work that could not detect an orientation dependence in H when testing
wood on the transverse plane with MFAs between 0◦ and 50◦ [14,58]. The lack of orientation
dependence has been attributed to the suggestion that plastic yielding, and therefore H, in
the S2 layer is dominated by shear failures in the matrix polymers [59–61]. Plasticity has
less orientation dependence compared to elasticity because the matrix polymers are often
considered nearly isotropic compared to the highly anisotropic cellulose fibrils dominating
the elastic properties. However, based on the standard error from a least squares analysis
for straight-line fits to the H–δ data from each RH level, the data at 0% RH did not depend
on δ whereas H did have meaningful decreases with increasing δ for the 33%, 74%, and 95%
RH data. This suggests that there is some orientation dependence in the S2 layer plastic
properties that should be studied in more detail in future studies.

The values of H and their moisture dependence reported in this study was within
the ranges of values reported in previous studies. The hardness values discussed below
are from the same studies that were used to compare to EISO

s in the previous section. The
Masson pine specimens with an MFA of 16◦, 27◦, or 38◦ tested by Wanju and coworkers
from 20% RH to 60% RH had an average decrease in H from 430 MPa to 350 MPa [14]. The
hardness of Masson pine S2 layers tested from 20% RH to 70% RH by Yu and coworkers
decreased from 650 to 450 MPa [12]. Bertinetti and coworkers tested Spruce wood from 6%
RH to 79% RH and they found hardness to decrease from 600 MPa to 200 MPa over that
range of RH [10]. The loblolly pine tested from dry conditions to 36% RH by Meng and
coworkers decreased from 575 MPa to 300 MPa [13].
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Table 6. Meyer hardness (H) as defined in Equation (3) for each RH condition and angle δ.

δ (◦)

0% RH 33% RH 75% RH 94% RH

H (MPa) H (MPa) H (MPa) H (MPa)

n 1 Ave 2 Std 3 n Ave Std n Ave Std n Ave Std

0.6 64 450 39 48 341 20 60 202 35 52 130 23

10.2 64 444 19 56 354 30 67 205 21 50 130 17

18.2 64 454 27 48 321 19 62 179 23 63 107 14

21.8 56 405 43 48 326 28 86 191 26 71 130 18

24.4 88 442 28 48 337 23 60 179 22 61 112 11

32.5 64 364 54 64 276 33 67 158 19 71 109 17

43.0 56 435 25 40 332 16 70 174 13 36 103 8

43.0 56 430 25 65 299 23 61 167 24 45 97 9

54.6 64 390 45 72 309 44 69 169 9 54 91 8

64.4 64 442 14 65 291 18 90 154 9 54 92 5

64.5 64 470 40 58 290 23 71 166 8 45 85 9

72.9 32 425 18 32 282 15 36 137 6 18 80 3

82.8 64 455 30 72 321 12 72 168 7 63 88 7

85.6 56 490 25 56 330 11 61 169 14 90 96 5
1 n, number of unloading segments analyzed. 2 Ave, average. 3 Std, standard deviation.
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Figure 8. Average Meyer hardness (H) as a function of relative humidity (RH) and the angle between
the nanoindentation direction and longitudinal axes of the cellulose microfibrils (δ). Lines are straight-
line fits to the data at each RH. The slopes of the lines were 0.31 ± 0.33 (0% RH), −0.41 ± 0.22
(33% RH), −0.49 ± 0.13 (75% RH), and −0.54 ± 0.09 (94% RH) with uncertainties based on a least
squares analysis for corresponding straight-line fits.

3.5. Coefficient of Variation Analysis

The coefficient of variation (COV), defined as the standard deviation divided by
the average multiplied by 100%, is useful to better understand the variability in these
nanoindentation measurements. To detect whether RH conditions affected variability, the
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average COV’s at each RH were calculated for M and H using the data in Tables 3 and 6,
respectively. For M, the average COV’s for 0%, 33%, 75%, and 94% RH were 9%, 9%, 12%,
and 11%, respectively. And for H, the average COV’s for 0%, 33%, 75%, and 94% RH
were 7%, 7%, 9%, and 10%, respectively. Only small increases in COV were observed at
the higher RH values, which supported that reliable measurements could be made even
under high RH conditions and that the experimental variability did not depend on the
environmental conditions.

4. Conclusions
Nanoindentation was used to assess the S2 layer transverse isotropic elastic constants

and orientation-dependent H at 0%, 33%, 75%, and 94% RH. The transvers isotropic elastic
constants El , Et and Gtl were determined by numerically fitting the M − δ results to a
theoretical model. An analysis of error plots revealed that over a large range of property
values the best numerical fits determined by error minimization were unique. Furthermore,
Et and El were less sensitive to changes in its property value than Gtl . Gtt was also
calculated using Et and the assumed 0.3 value for νtt. Although no other experimental
values are available to directly compare the RH-dependent elastic constants calculated in
this work, the trends of S2 layer El and Et with RH were consistent with those observed for
the longitudinal and transverse directions in bulk wood. The results also found that Gtl

was much higher Gtt. The H was greatly plasticized at higher RH, but showed much less
orientation dependence than M. The H results supported that plasticity in the cell wall is
mostly dominated by the properties of the matrix polymers and less sensitive than M to
the orientation of the stiff cellulose microfibrils.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/f16050712/s1, Figures S1–S4: Error contour maps for 0%, 33%,
75%, and 94% RH experiments.

Author Contributions: Conceptualization, X.A.-V., J.E.J., R.L. and D.S.S.; methodology, X.A.-V., J.E.J.
and N.Z.P.; formal analysis, X.A.-V., J.E.J., N.Z.P., D.S.S., N.J.B. and Y.W.; data curation, X.A.-V., N.Z.P.
and J.E.J.; writing—original draft preparation, X.A.-V. and J.E.J.; writing—review and editing, X.A.-V.,
J.E.J., N.Z.P., N.J.B., Y.W., R.L. and D.S.S.; visualization, X.A.-V. and J.E.J.; supervision, J.E.J., R.L. and
D.S.S.; funding acquisition, J.E.J., R.L. and D.S.S. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was supported in part by the U.S. Department of Agriculture, Forest Service.
Support for X.A.-V. was provided by the Graduate Engineering Research Scholars (GERS) program at
UW-Madison and USDA Forest Service grants 14-JV-11111129-063, 18-JV-11111129-036, and 22-JV-
11111129-029.

Data Availability Statement: Data can be made available upon reasonable request to the correspond-
ing author.

Acknowledgments: Thank you to Christopher Hunt of Forest Products Laboratory and Bill Thomas
of Shuqualak Lumber for sourcing the Pinus taeda. The FPL Machine Shop is acknowledged for
manufacturing the custom-built humidity chamber used in the WAXD experiments and the aluminum
sample holders for the nanoindentation specimens. The authors also gratefully acknowledge use
of facilities and instrumentation in the UW-Madison Wisconsin Center for Nanoscale Technology.
The Center (wcnt.wisc.edu) is partially supported by the Wisconsin Materials Research Science and
Engineering Center (NSF DMR-2309000) and the University of Wisconsin-Madison.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

https://www.mdpi.com/article/10.3390/f16050712/s1
https://www.mdpi.com/article/10.3390/f16050712/s1


Forests 2025, 16, 712 21 of 23

Abbreviations
The following abbreviations are used in this manuscript:

CML Compound middle lamella
L Bulk wood longitudinal direction
LS2 S2 layer longitudinal direction
MFA Microfibril angle
R Bulk wood radial direction
RH Relative humidity
SPM Scanning probe microscopy
T S2 layer tangential direction
WAXD Wide angle X-ray Diffraction
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Figure S1: Error R contour maps for 0% RH experiments. These two-dimensional error contour 

maps were calculated by fixing one of the elastic constants to its best-fit value and varying the 

other two over a realistic range of values.  a) was created by fixing 𝐸𝑙 = 21.5 GPa constant, b) 

was created by fixing 𝐺𝑡𝑙 = 8.1 GPa constant, and c) was created by fixing 𝐸𝑡 = 5.9 GPa. The 

parameter ranges mapped were 5 GPa < 𝐸𝑙 <30 GPa, 0 < 𝐸𝑡 10 GPa, and 0 < 𝐺𝑡𝑙 < 15 GPa. 

 



 

Figure S2: Error R contour maps for 33% RH experiments. These two-dimensional error 

contour maps were calculated by fixing one of the elastic constants to its best-fit value and 

varying the other two over a realistic range of values.  a) was created by fixing 𝐸𝑙 = 21.5 GPa 

constant, b) was created by fixing 𝐺𝑡𝑙 = 9.1 GPa constant, and c) was created by fixing 𝐸𝑡 = 4.1 

GPa. The parameter ranges mapped were 5 GPa < 𝐸𝑙 <30 GPa, 0 < 𝐸𝑡 10 GPa, and 0 < 𝐺𝑡𝑙 < 15 

GPa. 

 



 

Figure S3: Error R contour maps for 75% RH experiments. These two-dimensional error 

contour maps were calculated by fixing one of the elastic constants to its best-fit value and 

varying the other two over a realistic range of values.  a) was created by fixing 𝐸𝑙 = 19.2 GPa 

constant, b) was created by fixing 𝐺𝑡𝑙 = 6.3 GPa constant, and c) was created by fixing 𝐸𝑡 = 2.3 

GPa. The parameter ranges mapped were 5 GPa < 𝐸𝑙 <30 GPa, 0 < 𝐸𝑡 10 GPa, and 0 < 𝐺𝑡𝑙 < 15 

GPa. 

 



 

Figure S4: Error R contour maps for 0% RH experiments. These two-dimensional error contour 

maps were calculated by fixing one of the elastic constants to its best-fit value and varying the 

other two over a realistic range of values.  a) was created by fixing 𝐸𝑙 = 15.1 GPa constant, b) 

was created by fixing 𝐺𝑡𝑙 = 10.0 GPa constant, and c) was created by fixing 𝐸𝑡 = 1.0 GPa. The 

parameter ranges mapped were 5 GPa < 𝐸𝑙 <30 GPa, 0 < 𝐸𝑡 10 GPa, and 0 < 𝐺𝑡𝑙 < 15 GPa. 
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