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Abstract
Modifications alter hygro-mechanical properties of wood in non-trivial ways that 
depend on modification treatment and wood microstructure. Generic micromechani-
cal models with modifications on the cellular scale of spruce are proposed and stud-
ied, such as partial and entire lumen filling with isotropic materials, as well as modi-
fication of S2-layer properties. Based on a hierarchical micromechanical model, 
hygro-mechanical response surfaces of the modified, orthotropic material are pre-
dicted. Simulation results are compared to experimental data. The findings can be 
used for optimizing modification treatments, as well as for calculating the behavior 
in graded situations, common to treatments with limited modification depth.

Introduction

Wood as a natural material is a cellulose—hemicelluloses—lignin composite with 
hierarchical length scales that is highly optimized on all scales to maximize the 
fitness for survival of a species. However, in technological applications, the nat-
ural behavior of wood can be disadvantageous with regard to durability, dimen-
sional stability, or appearance under moisture changes. As a matter of fact, dam-
age in wood-based composites can be caused by differential shrinkage (Hassani 
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et  al. 2016), highlighting the importance for improving wood-based composites. 
Wood modification aims at altering the material to overcome or ameliorate one or 
more of these disadvantages, while functionalization adds new properties to the 
material. Even though interest in wood modification is almost as old as the use 
of wood, in the last decades, key progress was made in chemical modifications 
(Hill 2006). These treatments range from simple application of heat to impregna-
tion with monomers for in situ polymerization and chemical alteration of the com-
position of wood by chemical reactions like esterification, silanization, or etheri-
fication. Various polymerization reactions have been tried so far with the intent 
of providing dimensional stability and reducing water sorption (Hill 2006). None 
of these approaches entirely fulfilled the required product properties (Ermeydan 
et al. 2014) to the fullest satisfaction, like increased dimensional stability at only a 
minor weight gain. This may even be beyond the ideally achievable solution. The 
distribution of the modifying substances inside the wood tissue determines the 
performance. One distinguishes between impregnation with inert substances and 
modification with reactive chemicals. If the impregnated substance is located in 
the lumina, properties such as dimensional stability or biodegradability will hardly 
be addressed (Hill 2006; Rowell 2012), while modifying substances penetrating 
the cell walls affect the hygroscopic behavior and can form stable covalent bonds. 
If they substitute the reactive hydroxyl groups by larger groups, cell walls will per-
manently swell (Kumar 2007). Novel protocols for in situ polymerization to graft 
polymers inside the cell wall were recently introduced by Keplinger et al. (2015). 
They used two bi-functional monomers with different reactivity to introduce reac-
tive methacrylic groups into wood cell walls with subsequent grafting of polymer 
to these groups.

An isolated modification of just one hygro-mechanical property is unfeasible as 
most properties are interrelated. Since early and latewood tissue strongly differ, treat-
ments result in different hygro-mechanical behavior with respect to cell wall com-
position and lumen sizes. In addition, limited impregnation depths into bulk wood 
result in graded modifications that prohibit a clear mechanical characterization of the 
outcome of a treatment. Knowledge of the hygro-mechanical properties, however, is 
crucial for the application of modified wood materials. One needs six independent 
test cases—three normal and three shear loading cases—for a hygro-mechanical char-
acterization of an orthotropic, modified sample by its engineering constants (Young’s 
moduli ERTL , shear moduli GRT,LR,LT , Poisson’s ratios �RT,LR,LT , swelling coefficients 
�R,T,L ) at each moisture increment. The high number of parameters for modification 
procedures, degrees of modification and required repetitions as well as the total num-
ber of tests render a purely experimental approach unfeasible.

Micromechanical models for clear wood can capture the hygro-mechanical 
behavior of representative samples that comprise the behavior from smaller 
scales (Persson 2000; Perré and Huber 2007; Rafsanjani et  al. 2012; Qing and 
Mishnaevsky 2010; Saavedra Flores, and Haldar 2016). The behavior of wood is 
directly related to the chemical composition of the cell wall, its microstructure, 
respective tissue morphologies, and, when modified, to the distribution of the 
modifying agent. Since different modification treatments act on different scales 
like the ultra-structural-scale, microscale, and tissue scale, the use of multi-scale 
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models is needed. Today’s computers and finite element (FE) software allow for 
simulations of large representative volume elements (RVE) that capture the tissue 
morphology with thousands of tracheids at reasonable times and costs. In this 
work, hygro-mechanical macroscopic engineering constants ( Ei , Gij , �ij , �i ) are 
calculated from hygro-mechanical FE-simulations on RVEs that are constructed 
by sampling from morphometric distributions of spruce wood (Lanvermann et al. 
2013). Cell walls are considered as laminates with layer properties originating 
from classical mixture rules with the bulk properties of cellulose, hemicelluloses 
and lignin following Persson (2000). Besides the far greater connection to real-
ity of these models compared to earlier works (Persson 2000; Neagu and Gamst-
edt 2007; Kahle and Woodhouse 1994; Qing and Mishnaevsky 2010) due to the 
possibility to calculate larger RVEs, the main extension is the consideration of 
generic modification types. Three different scenarios with isotropic, non-swell-
ing material are considered, namely: (1) modification of the S2 layer by a super-
imposed material stiffness, (2) coating of the lumen by the material with differ-
ent thickness, and (3) entire filling of the lumen. Instead of focusing on a single 
modifying agent, the orthotropic stiffness tensor and swelling coefficients in the 
anatomic directions were calculated as a function of the modification degree and 
stiffness of the modifying agent within a rather large parameter space. The work 
is organized as follows: First the system construction and hierarchical model 
upscaling procedure is described, after that the modification and simulation set-
tings are addressed. In the results section the effect of modification type and char-
acteristics on the hygro-mechanical behavior are analyzed. Then, the agreement 
of the simulated data with the experimental results published in Olaniran et  al. 
(2019) is shown, followed by conclusions on the experimental design, as well as 
on the predictability of the effect of the wood modifications.

Growth ring model and simulation

The hierarchical growth ring model combines models at separated scales, starting 
from the material model for chemical constituents, the cell wall layer model for the 
S1–S3, ML, and P layers, their formation in cell walls with individual thickness and 
microfibril angle up to the tissue scale with a representative volume from a growth 
ring. On each scale, all properties of the moisture-dependent compliance tensor and 
swelling coefficients are calculated and passed to the hierarchical higher model (see 
Fig. 1). Modifications enter at the respective scales and influence the model reply 
that is upscaled.

Tissue generation

To construct a system that is microstructurally similar to spruce, an algorithm is 
employed, that mimics growth by cell division from mother cells in the cambium 
in the radial (R) direction. The relative position in the growth ring of width dgr is 
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x = r−R∕dgr with r−R denoting the distance from the growth ring interface (see 
Fig. 2). Each tracheid is characterized by five properties: its cell wall thickness in 
radial/tangential direction lR∕lT and respective lumen size LR∕LT , as well as the 
micro fibril angle MFA, denoting the angle at which celluloses fibrils are oriented 
with respect to the tracheid axis. First new tracheids are inserted as hexagons; how-
ever, constraints for compliance with neighboring tracheids may require transla-
tion, merging, alignment or deleting operations. The parameters lR,T, LR,T,MFA 
are sampled from normal distributions X ∼  (�, �) with the moments �(x), �(x) 
denoting mean value and standard deviation, that depend on the relative position 

material model
Eqs. 1-6,8
Cave 1978a,b, Cousins 1976.1978

Eqs. 7,9-11
Halpin and Kardos 1976

Simulia 2014, 
Lanvermann et al 2013

Lanvermann et al 2013
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Fig. 1  Flowchart of the model procedure with respective references with property upscaling from bottom 
to top
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Fig. 2  Wood tissue model with close-up of two growth rings and their different tissue parts: latewood on 
the right, growth ring border in the middle, and earlywood on the left. The relative position of the trac-
heids in the growth ring is given by x 
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in the growth ring. �(x), �(x) are evaluated from experimental data from Lanver-
mann et al. (2013), by fitting  (�(x), �(x)) at 20 bins over one growth ring. Finally 
�(x), �(x) are fitted by an exponential function of type y = aebx + cedx to allow 
sampling at arbitrary positions. Values for one growth ring are summarized in 
Table 1. Note that the support of the normal distribution X = ℝ includes negative 
values which is unphysical for a cell wall thickness. Whenever negative values for 
S2-layer thickness occur, those are reset to the respective expectation value. Geo-
metric aspect ratios of cell walls lR∕lT , lumen LR∕LT as well as lR∕LR follow clear 
trends. The statistics of these ratios is evaluated and whenever the ratios from the 
independent sampling of lR, lT, LR, LT falls out of the 68% bounds ( � ± � ), dimen-
sions are adjusted such that they fall in the respective bounds. The system size 
is defined by the number of growth rings nGR , their distance dGR, and number of 
tracheids in tangential nT direction. Additionally, a parameter describes the wavi-
ness w of radially oriented middle lamellae. The shape of growth ring borders is 
generated by a synthesized fractional Brownian motion with Hurst exponent H. By 
varying the microstructure parameters, in particular, using different distributions, 
in principle arbitrary sections can be represented. One generated such system with 
nGR = 2;w = 7 μm;H = 0.3; nT = 50; dgr = 2000 μm, lf = 60 μm and morphometric 
values from Table 1 are shown in Fig. 2.

Upscaling of cell wall properties

The ultra-structural organization of the cell wall layers, in particular, of the dominant 
S2 layer, is known to be of vast importance for determining mechanical performance 
(Salmén and Burgert 2009). Cell walls of spruce tracheids are composed of the primary 
(P) and secondary wall (S) that is a laminate of S1, S2, and S3 (Fengel 1969; Persson 
2000). In-between adjacent tracheids, a middle lamella (ML) is located (see Fig. 3). 
The respective thickness tML, tP, tS1, tS3 is more or less constant throughout the growth 
ring (see Table 2), determining tS2 = lR,T −

∑
ti, with (i = ML, P, S1, S3) . Each layer 

has properties of a transverse isotropic material with its own layer coordinate system. 
The angle at which cellulose microfibrils are oriented with respect to the tracheid axis 
(microfibril angle, MFA) has substantial impact on the mechanical properties. In the 
ML only negligible amounts of cellulose are present, while in the P-layer, microfi-
brils are randomly oriented. The calculation of equivalent single-layer properties from 
the different layers with their respective local stiffness matrix, orientation (MFA) and 
thickness is embedded into the FEM code ABAQUS (Simulia 2014) employing the 
first order shear deformation theory. Nevertheless, the single layer properties and orien-
tations need to be calculated and assigned to the composite solid sections.

Each layer contains specific volume fractions of cellulose, hemicelluloses, and lignin 
(see Fig. 3, Table 2). In this work mainly orthotropic behavior is assumed, character-
ized by a symmetric stiffness matrix � of the form
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with six diagonal and three off-diagonal constituents, which can be alternatively 
written in compact vector notation � = [D11, D22, D33, D44, D55, D66, D12, D13, D23] . 

(1)� =

⎡
⎢⎢⎢⎢⎢⎢⎣

D11 D12 D13 0 0 0

D22 D23 0 0 0

D33 0 0 0

D44 0 0

sym D55 0

D66

⎤
⎥⎥⎥⎥⎥⎥⎦

,

Table 1  Parameters for exponential fits given in Lanvermann et al. (2013)

Dimension (μm) a b c d

Density
�density

�density

635.8 − 13.02 369.8 − 0.4178
157.5 − 17.33 9.618 0.2537

Radial cell wall thickness
�
lR

�
lR

7.014 − 6.664 2.111 − 0.2731
1.423 − 4.026 0.05283 1.856

Tangential cell wall thickness
�
lT

�
lT

3.939 − 2.984 0.6421 0.5308
11.42 − 0.782 − 10.75 − 0.7561

Radial lumen size
�
LR

�
LR

66.16 − 0.4541 − 66.3 − 3.063
2.952 0.867 − 1.838 − 10.04

Tangential lumen size
�
LT

�
LT

2.855e+4 1.812 − 2.853e+4 1.812
3.33e−6 9.314 4.036 − 0.1656

Microfibril angle
�MFA

�MFA

11.29 0.537 0.0 0.537
1.289e−15 35.29 0.3325 − 0.1891

Cell wall ratio
�
lR∕lT

�
lR∕lT

1.674 − 23.31 1.315 − 0.01005
0.2608 0.2175 9.511e−9 14.77

Lumen ratio
�
LR∕LT

�
LR∕LT

0.9733 0.05468 − 1.16 − 11.89
0.1372 − 0.1274 1.069e−16 35.31

Ratio
�
lR∕LR

�
lR∕LR

0.5935 − 5.608 9.853 − 53.43
3.598 − 41.1 0.073 − 3.621
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Following Cave (1978a) and Cousins (1976, 1978), the constituent’s elastic proper-
ties are in GPa

Cellulose has a high stiffness in the longitudinal fibril direction and can be regarded 
as being a transversely isotropic material. Due to the fact that cellulose is highly 
crystalline, its stiffness is considered to be constant with respect to moisture changes. 
Hemicelluloses have a lower degree of polymerization, giving them low stiffness 
and high moisture absorption capacity, while lignin is amorphous and isotropic. The 

(2)�
C = [137, 27, 27, 6.6, 6.6, 6.6, 14, 14, 14],

(3)�
H = [8, 4, 4, 1, 1, 1, 2, 2, 2],

(4)�
L = [4, 4, 4, 1, 1, 1, 2, 2, 2].

ML
P

S3

S3
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Fig. 3  Section of spruce wood of approximately 7 × 7 tracheids with latewood (LW) and earlywood with 
definition of tracheid dimensions in the (R–T–L)-coordinate system. Note that twice the cell wall thick-
ness 2lR,T is marked for neighboring tracheids. The sketch shows the composition of double cell walls 
with respective layers, local (∥ − ⟂ −L) cell wall coordinates and chemical composition (lignin (L), 
hemicelluloses (H), cellulose (C))

Table 2  The ultra-structural 
parameters of the cell wall 
layers with volume contents of 
cellulose (C), hemicelluloses 
(H) and lignin (L) following 
Persson (2000), Qing and 
Mishnaevsky (2009)

MFA Thickness Volume contents

(μm) C H L

CML Random 0.35 12 26 62
S1 60/−60 0.125/0.125 35 30 35
S2 15 Calculated 50 27 23
S3 75 0.035 45 35 20
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moisture dependencies of lignin and hemicelluloses are considered by the correction 
factor,

with a portion of water responsive sites ub , which is a fraction of the bound water �b 
partitioned between hemicellulose and lignin (uL

b
= 1∕3.6�b , uHb = 2.6∕3.6�b) and 

h = 6 , a = 1 (Cave 1978a). The relation between the moisture content � and bound 
water �b is given by

where b is the quantity of bound water at saturation ( � = 0.3 ), assumed as 0.2 (Wall-
ström et al. 1995). The constant k is regarded as being slightly less than unity, being 
set to 0.9 in Cave (1978a).

Cellulose chains consist of crystalline and amorphous regions. They are embed-
ded in hemicelluloses forming microfibrillar aggregates (Fernandes et  al. 2011; 
Donaldson 2007). A two-step mixing-rule is employed, that in a first step calculates 
the composite behavior of cellulose and hemicelluloses, and in a second step com-
bines it with the behavior of the respective lignin content, summarized in Table 2. 
The respective material properties of individual layers were calculated via the 
commonly used Halpin–Tsai equations (Halpin and Kardos 1976) using moisture-
dependent stiffness tensors and concentrations of the constituents. For unidirectional 
(S1, S2, S3) and randomly oriented (ML, P) materials, geometry factors are given 
in Halpin and Kardos (1976). Note that S1 layers can be decomposed into two uni-
directional layers with positive and negative MFA. For simplification, ML and P 
layers are treated as one single layer, called central middle lamellae (CML) with 
random orientation obtained by calculating the average values of a series of rotated 
stiffness matrices around the normal vector of the laminate via

with the standard rotational transformation matrix � (see also Derome et al. (2013)).
Hemicelluloses can be regarded as the main driver of hygro-expansion. Their spa-

tial distribution inside the cell wall is therefore of crucial relevance for explaining the 
shrinking of the layers, the composite and finally the tissue. Therefore, a similar upscal-
ing procedure as described for the stiffness has to be employed for hygro-expansion 
properties. Unfortunately, hygro-expansion properties of the chemical constituents are 
rarely reported in the literature. Cave (1978b) made the first estimations of these prop-
erties based on several hypotheses. According to Cave, the volumetric shrinkage can be 
set equal to the volume of released bound water given in Eq. (6). The bound water �b 
can be partitioned between the hemicelluloses and lignin in the ratio of 2.6:1. Accord-
ingly, the volumetric swelling for hemicelluloses and lignin can be written as (Persson 
2000):

(5)�H
(
uH
b

)
= �Hh

0.1+0.9(1−uHb )
1+a

, �L
(
uL
b

)
= �L 1+2(1−uLb )

1+a
,

(6)�b = b ⋅
(1 − exp (−k�∕b))

(1 − exp (−0.3k∕b))

(7)�avg(�) =
1

36

j=1∑
36

�

(
j�

18

)
�(�)��

(
j�

18

)
,
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where fH and fL are weight factors for hemicelluloses and lignin for softwood 
( fH = 0.3 and fL = 0.25 following Dinwoodie (2000)). Note that water absorption by 
crystalline cellulose is negligible. For lignin, swelling is isotropic, while for hemi-
celluloses, the hygro-expansion strain is isotropic in the cross-longitudinal plane, 
but zero in the microfibril longitudinal direction (Cave 1978a) what is considered by 
the strain increment vectors

The resulting coefficients of hygro-expansion for hemicelluloses and lignin read

Two consecutive homogenization steps are also performed for coefficients of hygro-
expansion ( �i ) for the transverse isotropic Si-layers with the mixture relation in fiber 
direction (l)

and the transverse direction (t)

with subsets f, m for fiber and matrix, their Young’s moduli E and respective volume 
fractions V following Chamis (1983). Finally, for the randomly reinforced P and ML 
layer � is calculated via

with the longitudinal and transverse Young’s moduli El,Et of the unidirectional case 
(compare also Derome et al. (2013)).

(8)��0
H
= ��

2.6

fL + 2.6fH
; ��0

L
= ��

1

fL + 2.6fH
,

��H =
[
0

1

2

1

2
0 0 0

]�
⋅ ��0

H
(��);

��L =
[
1

3

1

3

1

3
0 0 0

]�
⋅ ��0

L
(��).

�H =
[
0 1.368 1.368 0 0 0

]�
,

�L =
[
0.351 0.351 0.351 0 0 0

]�
.

(9)�i
l
=

Vi
f
�i
f
Ei
f
+ Vi

m
�i
m
Ei
m

Vi
f
Ei
f
+ Vi

m
Ei
m

,

(10)�i
t
= �i

f

√
Vi
f
+

(
1 −

√
Vi
f

)(
Ei
f
+ �i

f
Vi
m
Ei
f

Vi
f
Ei
f
+ Vi

m
Ei
m

)
�i
m
.

(11)�r0 =
1

36
⋅

36∑
r=1

�lEl cos (r�∕18) + �tEt sin (r�∕18)

El + Et
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Wood modification models

The chemical treatments can be classified with respect to their effect at the cellu-
lar and molecular level—by modifications of the lumina (cellular level) and mod-
ification of the cell wall (molecular level) following Hon and Shiraishi (2000). 
Modifying substances can penetrate into tracheid lumina and/or penetrate into the 
hygroscopic wood cell wall. This general classification is represented by generic 
modification types (see Fig. 4; Olaniran et al. 2019) of chemical treatments: by 
B partial, C total filling of the lumen, and D deposition of modifying substances 
inside the cell wall.

Modification by lumen filling (Types B/C)

Since lumina are the major path for fluid transport in wood, their sealing for 
example with a polymer, makes porous wood less prone to environmental 
changes. This modification type can be studied by adding an additional layer of 
filling material to the cell wall laminate in the finite element model (type B) for 
minor filling. For more pronounced states, the filling of each lumen has to be 
represented by a solid, isotropic material section (type C). In this work for both 
types, the lumen is filled with a linear elastic material with variable Young’s 
modulus but constant Poisson’s ratio (see “Hygro-mechanical response of modi-
fied wood” section) merged with the cell wall, what corresponds to a tie connec-
tion. Lumen filling below 100% is realized by cutting out smaller respective por-
tions from the lumen filling of the same shape.

Modification of S2‑layer (Type D)

To increase the dimensional stability of wood, one can either reduce the number of 
hydrophilic OH functionalities of the wood components for example through esteri-
fication reactions with anhydrides, carboxylic acids or acid chlorides, or various sub-
stances can be introduced into the wood cell wall in order to fill available free space 
(bulking) and consequently impede water molecules from entering. Bulking would 
reduce the tendency of wood to swell or shrink with changes in moisture, because 
the wood would remain in a swollen state. This modification type mainly affects the 
behavior of the mechanically dominating S2-layer, and hence has to be addressed 

a b c d

R

T

Fig. 4  Model of chemical modification of wood: a Unmodified tracheid, b modification by partially fill-
ing of the lumen, c modification by complete filling of the lumen, d modification of cell wall properties
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ahead of the laminate homogenization step, for example by adding an isotropic stiff-
ness matrix to the one of the S2-layer. The modification degree and material can be 
considered by the values of the mechanical parameters of the added material as well 
as by the filling degree with respect to the microporosity of the S2 layer. For sim-
plicity, the S2 layer swelling coefficients are reduced by a factor (1 − pf) , where pf 
is the assumed microporosity filled by the non-swelling polymer. For example, if all 
micropores of the S2 layer are filled with an initial microporosity of 0.25, the reduc-
tion factor is 0.75. Pure bulking was recently realized by Keplinger et al. (2015) in a 
treatment based on methacrylic anhydride and in situ polymerization. The samples 
showed nearly no lumen filling and the polymer was mainly located within the wood 
cell wall. However, note that within this generic simulation approach, combinations 
of Type B and D are also feasible.

FE growth ring model

From the microstructure model of the cross section, a representative section is clipped 
with straight edges that comprises one growth ring from x = 0.5–1.5 (see Fig. 5). The 
FE model is extruded from it in longitudinal direction with a fiber length lf = 60 μ m. 
To each cell wall section, the individual layer thickness and stacking sequence, as 
well as material coordinate system are assigned, which is required to build a compos-
ite solid section in Abaqus (Simulia 2014). In the framework of the FEM model, the 
analogy between temperature and moisture is used to address the moisture-dependent 
hygro-mechanical layer properties. Each cell wall is discretized by quadratic continuum 
solid elements with reduced integration (C3D20R). Note that diffusive moisture trans-
port is not considered. As the computation time for the model generation in Abaqus 
scales badly with increasing number of composite section assignments, the model is 
segmented in several blocks. From a mechanical point of view, this is irrelevant, since 
blocks are tied once they are defined.

The calculated volume has to have boundary conditions that allow for kinematic 
compatibility within larger volumes. On three faces, symmetry conditions are defined, 
which are in agreement with general conditions for orthotropic materials. For each of 
the remaining surfaces, a control node is defined that is kinematically constrained to 
each node of the face such that the face remains planar (1 translational and 2 rotational 
degrees of freedom) similar to Astley et al. (1998). On this numerical “black box”, dif-
ferent loading cases were applied, like moisture change and prescribed displacements 
at each control node in every anatomic direction, while keeping the other two con-
trol nodes unconstrained. In this way, for each modification and moisture state at nine 
mechanical load cases, the elastic response of the representative volume (RVE) was 
measured (see Fig. 5). In addition, free swelling is calculated. Note that alternatively 
periodic boundary conditions could be applied to RVEs.
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Results and discussion

With the described multi-scale model, a widely adaptive tool for the hygro-mechani-
cal studies is available. Before exploring the effect of various generic modifications on 
spruce and comparing them to experimental findings from Olaniran et al. (2019), the 
bulk cell wall and tissue behavior is compared to literature values.

Verification calculations on clear wood

It is generally known that hygro-mechanical properties of spruce strongly vary depend-
ing on density and morphometric properties of the tissue at the growth ring level. With 
the tissue generator described in “Tissue generation” section and the respective mor-
phological characteristics, in principle arbitrary growth rings can be constructed. In this 
manuscript, the measurements from Lanvermann et al. (2013) are used with distribu-
tion functions summarized in Table 1. Note that the overall density for this data set is 
below the average one of spruce (Lanvermann et al. 2013). A comparison of the mor-
phometric values between model and experiments is shown in Fig. 6.

Hygro‑mechanical behavior of cell walls

Prior to addressing the tissue scale, hygro-mechanical properties of the individual 
cell wall layers need to be calculated. The values of the obtained coefficients of 
hygro-expansion for the five cell wall layers using the data of Table 2 are summa-
rized in Table 3 for a moisture content of 12%. A comprehensive analysis with vari-
able moisture content can be found in Derome et al. (2013). The predominant direc-
tion of the different layers obtained by the consecutive homogenization steps as well 
as the different absolute swelling in the three principal material orientations can be 
identified readily.

There is a clear difference between values obtained with this modeling approach 
and the one by Persson (2000) that cannot be resolved due to lack of experimental 

Fig. 5  Illustration of the RVE with boundary conditions and control points (RP)
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data. In this work, microfibrils have rotational symmetry, while Persson used a 
numerical microfibril model of rectangular shape with an edge ratio > 2, that does 
not reflect the anatomical features but was chosen to match the macroscopic swelling 
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Table 3  Coefficients of hygro-
expansion [%/%] of the cell wall 
layers for a moisture content 
=12% (1–fibril direction, 2–in 
plane perpendicular to fibril, 3–
cell wall thickness)

Present study Persson (2000)

�
1

�
2

�
3

�
1

�
2

�
3

ML 0.126 0.126 0.659 0.028 0.395 0.589
P 0.126 0.126 0.659 0.028 0.395 0.589
S1 0.005 0.478 0.478 0.028 0.395 0.589
S2 0.002 0.366 0.366 0.009 0.353 0.587
S3 0.002 0.454 0.454 0.009 0.353 0.587
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orthotropy. Rotational symmetry was implemented, and consequently, one will not 
be able to fully recover the R–T swelling anisotropy. Note that multiplying �3 of the 
S2 layer by a factor of 1.5, the observed values for spruce can easily be obtained. 
However, since the anatomical justification for the multiplication factor is missing, 
one refrains from doing so. The calculated swelling coefficients in the direction 1 
are also smaller for all layers; however, considering �L of the growth ring, the pre-
sented results meet experimental data significantly better than the ones by Persson. 
The rotational symmetry of microfibrils also shows up in the mechanical properties, 
summarized in Table 4 in layer coordinates. However, the absolute values are com-
parable with the ones obtained by Persson (2000).

Macroscopic hygro‑mechanical behavior

The nine constitutive properties of the orthotropic material were determined in a 
series of tensile and shear calculations at different moisture contents using the 
growth ring model. A comparison with experimental data from Neuhaus (1983) 
shows good agreement, considering the natural variability in the properties of wood 
(see Fig.  7a–c). The deviations for Poisson ratios could point at problems in the 
experimental determination at the time the experiments were performed (Niemz and 
Caduff 2008). In free swelling, the swelling coefficients of the unmodified RVE are 
calculated. For rather dry conditions, where chemisorption dominates, the incre-
mental hygro-expansion coefficients �� = {�R, �T, �L, 0, 0, 0}

T exaggerate the influ-
ence of the moisture content (Niemz and Sonderegger 2017). However, at techno-
logically relevant moisture contents, �� (12% ± 4% ) is rather stable, followed by 
the typical decrease when reaching saturation (see Fig. 7). This behavior is a direct 
consequence of the hygro-elastic behavior of lignin and hemicelluloses described in 
“Upscaling of cell wall properties” section.

Hygro‑mechanical response of modified wood

For all modifications, parameters were chosen from rather large intervals. The stiffness 
of the modifying material is selected in a range from 0.1 to 10 GPa with a Poisson’s 
ratio of � = 0.45 and lumen filling from 0 to 100%. Note that 0% represents the case 
D of the modified S2 layer, its value at 0 GPa filling stiffness case A (see “Verifica-
tion calculations on clear wood” section). Filling degrees > 0% and < 100% represent 

Table 4  Computed elastic constants of the cell wall layers at moisture content of 12%, Eij,Gij in GPa

E
11

E
22

E
33

G
12

G
13

G
23

�
12

�
13

�
23

ML 7.788 7.788 2.965 2.925 0.905 0.905 0.331 0.318 0.318
P 7.788 7.788 2.965 2.925 0.905 0.905 0.331 0.318 0.318
S1 48.924 3.608 3.608 1.313 1.313 1.288 0.336 0.336 0.400
S2 68.391 4.619 4.618 1.715 1.715 1.673 0.337 0.337 0.380
S3 62.160 4.205 4.205 1.554 1.554 1.529 0.337 0.337 0.375
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case B and 100% is case C. Case D exhibits no lumen filling and swelling and stiff-
ness values consequently depend only on the stiffness and the assumed microporosity 
in the S2 layer, with values of 25% being chosen. Additionally, the case of multiple 
wood modifications was studied, for which on top of the S2 layer modification (D), a 
10% lumen filling with identical Young’s modulus is added, called type (B+D). All 
combinations were calculated for moisture contents ranging from 2 to 28%. However, 
only for 10% moisture content, plots of all constitutive hygro-mechanical parameters 
are shown, in order to compare with experimental findings from Part 1 (Olaniran et al. 
2019). Note that the entire data set is published (Wittel 2019).

For hygro-expansion coefficients � , mainly the R and T directions are relevant 
with respect to modifications as shown in Fig.  8. It is interesting to observe that 
already adding soft non-swelling material to the S2-layer (D) has a direct reduc-
ing impact on both, the absolute value of �R,T , as well as the swelling anisotropy 
ratio �R∕�T (ratio not shown). The additional stiffness in the S2 layer, however, only 
slightly changes the mechanical behavior (compare Figs. 9, 10, 11). By adding an 
additional layer at the lumen interface, swelling properties for (B+D) are addition-
ally reduced, depending on the stiffness. When comparing the S2 layer modification 
with the pure lumen filling (B), two aspects are remarkable: Firstly, (D) modifica-
tion is far more efficient in reducing swelling, as swelling is addressed directly at 
its origin and secondly, for (B) and (C), the cell walls swell inevitably but swelling 
is mechanically hindered by the filling material resulting in residual stresses at the 
tissue scale. As the added layers in the lumen hinder swelling without specifically 
affecting the R or T direction, the swelling anisotropy is consequently reduced.

When looking at the mechanical parameters of Young’s and shear moduli, nor-
malized by their non-modified values (A), as well as Poisson’s ratios, one can see 
that the amplification due to S2 layer modification (D) is negligible. For Young’s 
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moduli Ei in the order of T–R–L, an amplification is observed (see Fig. 9), while for 
shear moduli Gij they are more or less identical (see Fig. 10). Contrary to that, add-
ing material to the lumen (B+D and D) significantly amplifies Ei and Gij , depending 
on stiffness and filling degree. The property most sensitive to modification, how-
ever, is the shear modulus GRT (rolling shear) that shows already for small filling 
degrees high amplifications. Moduli GLR and GLT are amplified almost identically 
corresponding to a value of approximately 10% of GRT. 

Finally, the Poisson’s values �RT,LR,LT (see Fig. 11) show a non-trivial dependence 
on filling degree and stiffness.

When comparing the moisture dependence of the mechanical parameters of the 
calculated modified samples with the unmodified case (see Fig. 12), one can see that 
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the moisture dependence is less pronounced for the modified samples, but still fol-
lows the same trends.

In Olaniran et  al. (2019), changes in mechanical properties were determined 
experimentally for methacrylation and in-situ polymerization. However, significant 
changes can only be observed after the in-situ polymerization. Hence, a comparison 
is only made with the latter type of modification. For a comparison, a stiffness of the 
filling material polystyrene of 2 GPa is assumed, which corresponds to lower bounds 
of literature values (Wypych 2012). From the average weight gain of 60%, the filling 
degree is estimated to be between 33 and 22%. However, optically only approx. 14% 
could be found. In Figs. 8, 9, 10 and 11 these values are marked by dashed lines. 
The interpolated values from the calculations are compared to the experimental ones 
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in Fig. 13 for pure lumen filling with a stiffness of 2 GPa and variable filling degree 
(type B), as well as multiply modified systems (type B+D) with variable stiffness of 
filling material. Considering the uncertainty in material microstructure, parameter 
determination and modification states are in good agreement. The largest deviations 
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are observed for the Young’s modulus amplification in longitudinal direction E∗
L
 . 

However, this experimentally via ultra-sound determined value seems to be too large 
(Olaniran et al. 2019). It is evident that samples could not be modified as ideally as 
the model assumes. Therefore, a significant portion of polystyrene will not have any 
direct mechanical effect, which makes assumptions, for example on the mechani-
cally effective filling degrees rather difficult. In addition, inhomogeneities, like filled 
lumen clusters or rows of filled cells, could add to the different components of the 
stiffness tensor. This explains the tendency of the model to predict rather larger 
effects of modifications than observed, even though differences are within reason-
able bounds.

Conclusions

A hierarchical model of spruce was introduced that captures the hygro-mechanical 
behavior of a representative growth-ring sized volume with satisfying accuracy. 
Generic modification types of cell wall and tracheid lumen were defined and result-
ing hygro-mechanical properties were calculated for an extensive parameter space. 
At a specific parameter set and moisture content, values were compared to experi-
ments, showing good agreement.

The model can be regarded as a modular tool to quantify the effect of modifi-
cations on the hygro-mechanical behavior. It gives clear bounds for the achiev-
able modifications based on generic modification types. The process is exemplarily 
shown for spruce. However, its adaptation to other species and microstructures is 
feasible but currently limited by the availability of experimental data. As the shear 
modulus GRT is the most sensitive parameter to lumen filling, modifications based 
on this modification type are best quantified by shear tests. Shear deformations in 
the RT-plane are mainly localized in the thin walled early wood tracheids, which 
properties are strongly altered already by thin layers of modifying material in the 
lumina.

One limitation of the model is the neglect of variable properties of modifying 
materials. For in-situ polymerization, the molecular mass distribution from the 
free radical polymerization is rather broad and depends on the local details. Con-
sequently, one would expect different properties for polystyrene polymerized inside 
the cell wall with respect to the tracheid lumen. What makes a direct comparison 
between model and experiment much more difficult, is the model assumption of 
a homogeneous modification throughout the sample. However, the homogeneity 
depends on details and protocols of the modifications. In cross sections, one could 
observe entirely filled tracheids presumably along wood rays, while in other regions 
hardly any polystyrene layer in the lumina could be identified (Olaniran et al. 2019). 
Such inhomogeneities render direct comparisons more difficult. In addition, the sim-
plifying procedure of adding an isotropic stiffness to the orthotropic properties of 
the S2 layer for the cell layer modification type D might result in weaker property 
changes as a possible composite effect is neglected. However, an experimental quan-
tification of the composite effect proves to be rather challenging and should be stud-
ied in future works.
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