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Abstract To better understand the hygroelastic property

of wood cell wall, the transition of materials in the area

between the S1 and S2 layers is considered in the modeling

of cell wall hygroelastic properties. The concentric cylin-

der model is modified and employed for its compatibility

with arbitrary additional layers in different scales. In order

to explain the results of the cell wall model, the polymer

contribution to the cell wall hygroexpansion is investigated

first. Although the amorphous cellulose slightly affects the

cell wall hygroexpansion, its influence on the softening of

cell wall moduli is not significant. The contributions of

hemicellulose and lignin to the hygroexpansion vary as the

microfibril angle in the S2 layer changes. The results of the

polymer analysis help to explain the effect of the interlayer.

Compared to the model without the S1–S2 interlayer, the

cell wall swells more in the transverse direction if the

transition in the inner S1 layer (S1-part) is considered. For

the case of transition in the outer S2 layer (S2-part), the

effect reverses. Whilst, in the longitudinal direction, the

S1-part amplifies the shrinkage and the S2-part suppresses

it. The interlayer affects the cell wall moduli under mois-

ture condition in the same way as under the dry condition.

The modeled softening effects can be managed to approach

the measurements by adjusting the thickness of the inter-

layer. We believe that paying more attention to the mate-

rials transition between cell wall layers can certainly help

us to better understand the cell wall behaviors.

Introduction

Moisture induced deformation limits the potential of

woody resources as structural materials. Tests of the wood

materials under moisture conditions have given knowledge

of the moisture–mechanical relationship. The moisture

related mechanical properties of hemp fiber [1] and beech

[2] were studied through tensile tests. Under controlled

thermal modifications, the bending response of beech and

spruce were also tested [3]. The shrinkage of sugi tree

sample was measured under oven-dry conditions [4]. It can

be concluded that the cellulose microfibril angle (MFA)

[4–7] and chemical composition of wood influence its

shrinkage and swelling [8]. Although this deformation of

the wood materials can be suppressed through oil treat-

ments without significantly affecting its mechanical prop-

erties [9], a better understanding of the hygroelastic

behavior is needed for wider applications.

At the microscale, water absorbed between the hydrophilic

polymers weakens their original connection, which lowers the

elastic moduli of the polymers. The polymer expansion inside

the wood cell wall accumulates into the shape change of the

wood at the macroscale [10, 11]. Therefore, studying the hy-

groelastic behaviors of the cell wall is the first step to under-

stand the shrinkage and swelling of wood. The mechanical

model plays an important role in these studies [6, 12–14].

Given the properties of the wood polymers, the bottom-up

approaches are very suitable for modeling the multi-scale

structure of the cell wall. The way we understand the ‘‘bot-

tom’’ of the cell wall, referring to the cell wall ultrastructure

and its chemical composition, determines the accuracy of the

mechanical model. The following introduction highlights the

new perspectives in understanding the cell wall structure and

some controversies in polymer properties, which are the pri-

mary interests of the present study.
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From the view of plant anatomy, the cell wall consists of

M, P, S1, S2, and S3 layers at the macroscale. S1, S2, and

S3, known as the secondary layers, contribute most to the

mechanical properties. Each layer of the secondary wall

can be treated as a fiber-reinforced composite material with

cellulose microfibrils embedded into the matrix of hemi-

cellulose and lignin. According to the botanical definitions

[15], different secondary layers can be characterized by a

particular range of MFA. Usually each layer is modeled as

a fiber reinforced composite with a specific value of fiber

angle. However, a wide range of transition area was

observed between the S1 and S2 layers (Observations: [16,

17], measurements: [18]). The MFA and polymer volume

fractions are not uniform inside the S1 or S2 layer identi-

fied according to the botanical characterization. Therefore,

assigning uniform material properties to the S1 or S2 layer

actually violates these observations. Rather than ignoring

this nonuniformity and obey the botanical definitions, set-

ting up an interlayer between the S1 and S2 layers to

represent the transition in the cell wall mechanical model

can yield more accurate predictions of cell wall moduli

[19]. The transition of MFA and polymer contents between

cell wall layers remains as a new concept in the field of cell

wall modeling. The influence of the S1–S2 interlayer on

the cell wall hygroelastic properties is studied in the

present work by considering interlayer in the hygroelastic

models.

Hemicellulose and lignin were modeled as hydrophilic

in many cases [6, 7, 20]. The normalized elastic modulus of

hemicellulose and lignin significantly vary with the relative

humidity (RH) [21, 22]. There is no doubt that the matrix

of hemicellulose and lignin is the key to understand the

moisture-induced softening of the cell wall. Cellulose was

treated as completely hydrophobic in several models [7,

20]. However, some researchers modeled the amorphous

part of cellulose as accessible to moisture [11, 13, 23].

Salmén [11] hypothesized that 20 % of the volume of the

cellulose should absorb water and have the same properties

as the hemicellulose. In the longitudinal direction, his

model with the amorphous cellulose actually overestimated

the softening compared to the measurements. It was con-

cluded that it could be ambiguous whether or not the

amorphous cellulose acts as a major softening factor.

Rafsanjani et al. [13] concluded that water sorption in the

amorphous polymers including the amorphous cellulose

makes the cell wall swell and soften. Horvath et al. [23]

considered the amorphous cellulose and hemicellulose as

accessible to moisture in their model and it was found that

the presence of the amorphous cellulose could soften the

wood in the longitudinal direction. In summary, it is,

however, uncertain whether the amorphous cellulose works

as a critical softening contributor to the cell wall.

Materials and methods

The modified CC model with the interlayer

The CC model built by Marklund and Varna [6] is valid for

modeling an arbitrary number of phases in the CC assembly,

which makes it particularly suitable for the present case

involving an additional interlayer in the cell wall simplified

structure. Each secondary layer was modeled as the con-

centric cylinder assembled by polymers at the microscale

(Fig. 1a). Then the layers were put together to form the entire

cell wall at the macroscale. The presence of the interlayer and

amorphous cellulose required a four-phase CC model. At the

microscale an additional phase of the amorphous cellulose

was inserted between the crystalline cellulose and the

hemicellulose according to the ultrastructure arrangement

depicted by Rafsanjani et al. [13]. At the macroscale, in

accordance with our previous study [19], the interlayer was

generated between the S1 and S2 layers (Fig. 1b), the tran-

sition zone between the S2 and S3 layers was not considered

due to its extremely small dimension [18]. It should be

noticed that the insertion of the interlayer did not change the

thickness of the secondary wall. The interlayer was actually

divided from the S1 and S2 layers (Fig. 1b). In order to give

space to the interlayer, the S1 and S2 layers need to be nar-

rowed. One part of the interlayer was from the inner S1 (the

S1-part) and another part was from the outer S2 (the S2-part).

The thickness of the interlayer could be changed by config-

uring tint1 and tint2.

A study in the boundary conditions

In order to discuss the boundary conditions (BC) in the

present study, several resultant equations of the CC model

are briefly introduced. For a detailed deviation of these

equations, the reader is referred to the original CC model

[6].

The cell wall hygroexpansion is driven by the softening

effect of the amorphous polymers. Therefore the free

swelling strain ej
H = bj

HDM should be subtracted in the

strain for the elastic stress–strain relationship

ri ¼ Cij ej � bH
j DM

� �
i; j ¼ 1; 2; 3 ð1Þ

Here, Cij is the stiffness matrix in the global coordinate

system. The second term in the bracket refers to the

swelling strain written as the product of the

hygroexpansion coefficient in the j-direction, bj
H, and the

absorbed moisture weight DM. 1, 2, 3 refers to the axial,

radial, and tangential directions, respectively. Following

the standard procedure of an axisymmetric problem under

the loading case when no shear stress is developed, each
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assembly in the CC model can be solved considering the

stress equilibrium equation and the strain–displacement

relationship. The derived radial displacement, radial, and

axial stresses for the kth phase can be given by:
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Here, r and e10 are the radial coordinate and the axial

strain, respectively. Hk
*, Hk

r, Hk
l , ak wk bk ck uk fk hk gk are

all functions of the components of Cij and bi. They can be

treated as constants once the kth phase is defined. Detailed

forms of these functions can be found in [6]. Then the

unknown constants A1
k, A2

k and e10 can be solved by

considering the BCs.

1) The radial stresses and displacements at the interfaces

of adjacent phases should be the same.

2) The radial stress at the outer boundary of the assembly

should be zero.

3) Zero average stress in direction 1.

4) Zero radial displacement at the symmetric axis.

BC 1–3 are valid and employed by many models in the

cylindrical coordinates. BC 4 is only valid for the situations

when the center phase is not empty (filled cell case

Fig. 1a). However, the empty center phase is often the case

at the macro-scale (empty cell case). Compared to BC 4,

the zero radial stress at the inner boundary seems to be a

better BC for the empty center phase (Table 1). The BCs

for the inner boundary listed in Table 1 are individually

applied in the modified CC model. The cell lumen in the

filled cell case needs to be filled with an extra phase of

materials, for which resin was used in the original CC

model [6]. The present study concerning the filled-cell

boundary condition also employs resin as the center phase.

Once A1
k, A2

k, and e10 are solved, the hygroexpansion

coefficients can be calculated according to:

b1 ¼
e10

DMavg

; br ¼
eavg

r

DMavg

¼
urjr¼r4 � urjr¼r0

r4 � r0ð ÞDMavg

ð3Þ

r0 and r4 are defined in Fig. 1a. The numerator of br refers

to the radial deformation of the assembly. When the center

phase is full, r0 will be zero. Different from the original CC

model, the generalized form of er
avg can serve all kinds of

center phase boundary conditions. Since the CC model

considers the cell wall as a transversely isotropic material,

the radial and tangential hygroexpansion coefficients are

the same. The average moisture content of the assembly

can be determined as

DMavg ¼
X4

k¼1

DMk

qk

qavg

Vk; qavg ¼
X4

k¼1

qkVk ð4Þ

The polymer contents and properties

In the present study, the amorphous cellulose, hemicellu-

lose, and lignin all become softened when absorbing water.

The measured variations of moisture contents and stiffness

of the hemicellulose and lignin under different RH from

Cousin were employed (Fig. 2) [22]. Since the crystalline

cellulose is hydrophobic, the water absorption in cellulose

is mainly contributed by its amorphous part. The amor-

phous cellulose was modeled as an isotropic material in

many cases [23–25]. In the present study, the initial engi-

neering constants of the amorphous cellulose at dry state

were assigned with the data from Eichhorn and Young

(a)

(b)

Fig. 1 a The modified concentric cylinder model for the multi-scale

modeling of the wood cell wall. The phases of the assemblies at two

scales are all labeled. Int refers to the interlayer. The radial

coordinates of the interfaces can be related to the volume fractions

of the phases. b The location of the interlayer. tint1 and tint2 are the

thicknesses of the S1-part and S2-part

Table 1 The center phase BCs for the macroscale calculations

Cases of the center

phase

The BCs Related property constants

Empty r1
r jr¼r0

¼ 0 –

Filled with resin u1
r jr¼0 ¼ 0 Resin propertiesa:

E = 3.0GPa, v = 0.35,

q = 1.3 g/cm3

b = 0.7, DM = 0.02 at

80 %RH

a The engineering coefficients, density, hygroexpansion coefficient

and the moisture weight at 80 % relative humidity of the resin in the

original CC model [6] are employed
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[26]. The engineering constants and densities of the poly-

mers at dry state were aligned with [6] and listed in

Table 2. With the dry state data and measured moduli

change under different moisture content (Fig. 2a) [22], the

moduli of hemicellulose and lignin can be determined.

Then the moduli can be related to RH with the help of the

moisture content-RH relation shown in Fig. 2b. Using

these data, the cell wall modulus under different RH can be

calculated.

A multi-linear regression model was employed by

Bergander and Salmén [27] to study the contribution of

polymers to the cell wall modulus. Since all three amor-

phous polymers contribute to the moisture-induced

expansion, it is interesting to know the contribution of each

amorphous polymer. For this purpose, a multi-linear

regression model is also employed. The amorphous cellu-

lose is assumed to have the same softening behavior as the

hemicellulose (the same simplification can be found in

[11]). Therefore only the hemicellulose and lignin are

included in the regression model:

y ¼ khxh þ klxl þ e ð5Þ

The subscripts h and l refer to the hemicellulose and

lignin, respectively. e is the residual error of the regression

model. Only linear terms are kept in the regression

model with 95 % confidence level. Variations of the

hygroexpansion coefficients of the polymers are achieved

by setting up different groups of data based on the literature

(Table 2). For a complex multi-scale problem, the

statistical tool like the regression model can give a

numerical analysis based on the input polymer properties

and output cell wall properties.

In the modified CC model, the interlayer will be treated

as a homogenized layer just like the other layers. However,

the polymer volume fractions Vint and MFA hint of the

interlayer will obey the arrangement given by

Vint ¼ VS2gþ VS1 1� gð Þ ð6Þ
hint ¼ hS2gþ hS1 1� gð Þ ð7Þ

The subscripts S1 and S2 indicate the properties of the

S1 and S2 layers, respectively. g is the material ratio

governing the MFA and polymer volume fractions of the

interlayer. The transition is less abrupt near the S2 layer

[16, 17, 19]. The interlayer should therefore behave more

like the S2. So g is held to be 0.8 in the present study. It is

highlighted that the transition of materials in the interlayer

includes the chemical composition and the MFA, Eqs. 6

and 7 should be effective simultaneously during the cell

wall modeling [19]. Once the material properties of the

interlayer is settled, the influence of the thickness of the

interlayer on the cell wall hygroelastic properties can be

studied by changing tint1 and tint2 (Fig. 1b).

Results and discussion

The influences of the boundary conditions

For a clear reference, the interlayer and the amorphous

cellulose are not included in the study of different bound-

ary conditions at the center phase. During the modeling in

the center phase, the volume fraction of the cell lumen is

36 %. The moisture condition is set to be 80 % RH.

In all cases (Fig. 3), the modeled longitudinal dimension

change is relatively small (bL \ 0.2) within the normal

range of S2 MFA for wood (0�–30�) while the moisture-

induced expansion in the transverse directions is of con-

siderable magnitude from 0.4 to 0.6, which matches the

description in [28]. The crossovers of the hygroexpansion

coefficients in different directions all occur in the MFA

range from 40� to 50�, which also agrees with the results

from literature (modeled results:[6, 12], measurements of

Pinus jeffreyii: [29]). Similar to the discussion from
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Fig. 2 The measured variation of a stiffness and b moisture content

for hemicellulose and lignin depending on RH from Cousin [22]
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Rafsanjani et al. [5], the small value of S2 MFA generates

large anisotropy ratio which reflects in large values of the

ratio bT/bL at small S2 MFAs in Fig. 3. In the longitudinal

direction, increasing S2 MFA leads to a larger shrinkage

strain [30].

Given the boundary condition of zero radial stress at the

inner surface, the cell wall is more drastically softened.

However, at small S2 MFAs, the hygroexpansion coeffi-

cients of the cell wall in the filled cell case are slightly

bigger than those in the empty cell case. For the empty cell

case, when the S2 MFA is small, the erect hydrophobic

CMF strongly suppresses the radial free expansion of the

inner surface in empty cell case [31]. For the filled cell

case, the resin in the center phase is modeled with a big

hygroexpansion coefficient (0.7), which makes its radial

deformation (0.4156 lm) almost equal to that in the empty

cell (0.4154 lm) at low S2 MFAs. However, the moisture

uptake of the resin (0.02) is rather small compared to the

cell wall layers (around 0.1) at 80 % RH, which makes the

average moisture content of the filled cell smaller than that

of the empty cell. The radial hygroexpansion coefficient is

calculated by bR = eR/DM. Therefore, the bR of the filled

cell actually exceeds that of the empty cell at low S2

MFAs. However, the displacements of the inner and outer

surfaces are both unconstrained in the empty cell case,

which probably increases the uncertainty of the deforma-

tion, causing small fluctuations of the hygroexpansion

coefficients through the investigated S2 MFA range. The

fluctuation may affect the hygroelastic study on the S1–S2

interlayer. Also in the longitudinal direction the curve

calculated with the filled cell boundary condition is closer

to the measured data of sugi tree (Japanese cedar) [4] than

that with the empty cell boundary condition. Therefore, the

results given in the following sections were all from

models constraining the inner surface.

The contribution of the amorphous polymers

The amorphous part of the cellulose significantly lowers

the cell wall moduli (Fig. 4a, b). The main reason is that

Table 2 Polymer constants used in the present study

Polymers Crystalline cellulose Amorphous cellulose Hemicellulose Lignin

Engineering constants at dry state

E1 (GPa) 150 [6] 5.0 [26] 8.0 [6] 6.0 [6]

E2 (GPa) 17.5 [6] 5.0 [26] 3.4 [6] 6.0 [6]

G12 (GPa) 4.5 [6] 1.85 [26] 1.2 [6] 2.26 [6]

v12 0.1 [6] 0.35 [26] 0.33 [6] 0.33 [6]

v23 0.5 [6] 0.35 [26] 0.43[6] 0.33 [6]

Polymers Crystalline cellulose Amorphous cellulose Hemicellulose Lignin

A B A B A B

Hygroexpansion coefficients

b1 0 0.5 1.368 0 0 0.33 0.351

b2 0 0.5 1.368 0.5 [22] 1.368 [34] 0.33 0.351

b3 0 0.5 1.368 0.5 1.368 0.33 0.351

Volume fraction

S1 0.16 0.04 0.15 0.65

S2 0.392 0.098 0.27 0.24

S3 0.392 0.098 0.27 0.24

Densities at dry state (g/cm3) 1.55 1.51 [35] 1.49 1.40

Fig. 3 The influences of the boundary conditions on the hygroex-

pansion coefficients. The measurements refer to data of sugi tree [4]

1988 J Mater Sci (2014) 49:1984–1993
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the presence of amorphous cellulose leads to a decrease in

the content of crystalline cellulose which is about 30 times

stiffer than the amorphous part [26]. Considering the

importance of cellulose microfibrils in determining the cell

wall properties [27], the reduction of elastic moduli with

the increase of the amorphous ratio can be explained.

However, in the longitudinal direction there is no signifi-

cant variation of the softening magnitudes when the

amorphous ratio is varied (Fig. 4a), which can be explained

by considering the fact that the amorphous cellulose can be

treated as a part of the amorphous matrix covering the

crystalline cellulose [11, 32]. And the impact of the matrix

on the longitudinal properties is negligible compared to the

crystalline cellulose [27]. In the transverse direction, the

situation changes (Fig. 4b). The softening magnitude is

slightly amplified as the amorphous ratio increases. This

effect can be attributed to the bigger contribution of the

amorphous matrix to the cell wall transverse properties [11,

27]. Whereas, by introducing the amorphous cellulose, the

hygroexpansion coefficients increase in both directions

(Fig. 4c). But this increase could almost be negligible at

small S2 MFAs (\20�). The longitudinal hygroexpansion

coefficients modeled with the amorphous cellulose actually

deviate from the measurements at the S2 MFAs around

40�. In summary, under the assumption that the amorphous

cellulose has the same softening behaviors as the hemi-

cellulose, the cell wall softening in the transverse direction

is more sensitive to the change of amorphous ratio than that

in the longitudinal direction. And the influence of the

amorphous cellulose on the hygroexpansion should only be

considered in the occasion when the S2 MFA exceeds 20�.

The regression coefficients of the hemicellulose and

lignin with 95 % confidential intervals are plotted in Fig. 5.

The hemicellulose only contributes to the shrinkage in the

longitudinal direction (negative coefficients). In the S2

MFA range from 20� to 40�, the hemicellulose has a

dominant influence. The positive effect of the lignin

becomes pronounced when the angle exceeds 40�. The

discrepancies between two polymers are small at S2 MFAs

smaller than 20�. In the transverse contribution, the lignin

is just as important as the hemicellulose at small S2 MFAs.

But the transverse hygroexpansion coefficient becomes

more sensitive to the hemicellulose once the angle exceeds

30�. These results are very helpful in the explanation of the

behavior of the interlayer in the following section.

The influence of the interlayer

From the view of cell wall ultrastructure, the presence of

the interlayer makes the transition between the S1 and S2

less abrupt, which obeys the materials continuity of natural

growth. From the results of our previous research, the

model with the interlayer between the S1 and S2 can give

more accurate predictions of cell wall elastic modulus than

that without the interlayer. In this section, the influence of

the interlayer on the cell wall hygroelastic properties is

unveiled. The boundary conditions are aligned to those of

the filled cell case and data in Group A from Table 2 are

employed as hygroexpansion coefficients for the polymers.

First, the S1-part and S2-part are independently studied.

Then they are combined to show the effect of the interlayer

on the softening behavior of the cell wall.

In the transverse direction, the hygroexpansion coeffi-

cient of the cell wall with the S2-part is smaller compared

to the traditional no-interlayer model, and the differences

tend to disappear as the S2 MFA exceeds 30� (Fig. 6).

Actually, taking the outer S2 layer as the S2-part of the

interlayer causes an increase of lignin content and a

decrease of the hemicellulose content in the cell wall.

(a) (b)

(c)

Fig. 4 Softening in the longitudinal (a) and transverse (b) direction

with different contents of the amorphous cellulose. Since the cell wall

is modeled as a transversely isotropic material, the transverse

direction includes the tangential and radial direction. Measurements

refer to data of softwood from [33]. c The influence of the content of

the amorphous cellulose on the cell wall hygroexpansion coefficients.

The measurements refer to data of sugi tree [4]
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However, before the S2 MFA reaches 30�, both polymers

almost equally contribute to the transverse hygroexpansion

according to Fig. 5b. So it is hard to explain the results just

from the view of polymer contribution. It needs to be

reminded that replacing the outer S2 as the S2-part also

affects the cell wall modulus (Fig. 7b). This replacement

significantly stiffens the cell wall in the transverse direc-

tion. Smaller deformations at the cell wall level can be

accumulated by the water uptake, which explains the

smaller transverse hygroexpansion coefficient before 30�.

After the S2 MFA reaches 30�, the influence of the hemi-

cellulose on the transverse hygroexpansion becomes sig-

nificant. Therefore, the reduction in the content of

hemicellulose in the S2-part keeps the transverse hygro-

elastic coefficients lower than the no-interlayer value. But

this effect cannot be maintained at large values of S2 MFA

where the effect of the lignin becomes strong (Fig. 5b).

Given the fact that more lignin exists in S2-part, the

discrepancies of hygroexpansion coefficients eventually

disappear at high S2 MFAs (Fig. 6). Unsurprisingly, the

model only with the S1-part gives the reversed results,

which can also be explained following the same route.

In the longitudinal direction, the modulus of the cell

wall with the S1-part is almost the same as that of the

traditional model (Fig. 7a). But the difference between the

contributions of hemicellulose and lignin to the cell wall

hygroexpansion is significant in the longitudinal direction

(Fig. 5a). Replacing the inner S1 layer as the S1-part

increases the total content of the hemicellulose and reduces

that of the lignin, which keeps the negative values for the

longitudinal hygroexpansion coefficient of the cell wall

with the S1-part (Fig. 6). As the S2 MFA changes, the

discrepancy between the coefficients modeled with and

without the S1-part fluctuates according to the variation of

the hemicellulose contribution (Fig. 5a). For the cell wall

only with the S2-part, the situation varies with the S2

MFA. If the S2 MFA is less than 30�, the cell wall with the

S2-part also shrinks more in the longitudinal direction.

Once the S2 MFA exceeds 30�, the results are reversed.

This phenomenon seems to conflict with the polymer

contribution. Since there is less hemicellulose in the S2-

part than in the outer S2 layer, it is reasonable to deduce

that the longitudinal hygroexpansion coefficient modeled

with the S2-part should be bigger at small S2 MFAs where

the hemicellulose dominantly devotes to the shrinkage.

However, in the similar range of small S2 MFAs, the

introduction of the S2-part also significantly reduces the

longitudinal cell wall modulus (Fig. 7a). This reduction

makes the cell wall much more vulnerable to the shrinkage.

Therefore, for the longitudinal hygroexpansion coefficient

at low S2 MFAs, the variation of polymer content as we

replace the outer S2 with the S2-part devotes to the rise,

and the variation of the cell wall longitudinal modulus has

a negative effect on the coefficient. It seems that the

modulus variation slightly suppresses the effect of the

polymer contribution, which yields smaller longitudinal

coefficients modeled with the S2-part than the no-interlayer

values at small S2 MFAs. Once the S2 MFA exceeds 30�,

the difference of the longitudinal modulus between the cell

wall with and without the S2-part diminishes (Fig. 7a).

Then, the cell wall shrinkage is mainly governed by the

polymer contribution according to which less hemicellu-

lose and more lignin in the S2-part bring up the curve. The

curve modeled with the S2-part is more close to the central

point of the measured longitudinal shrinkage of samples

from sugi tree [4], indicating the fact that the materials

transition between cell wall layers should be paid more

attention in the mechanical models.

Due to the fact that the matrix of hemicellulose and

lignin is softened under moist conditions, the rigid cellu-

lose microfibrils become more important in maintaining the

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8  Hemicellulose

 Lignin

C
oe

ffi
ci

en
t v

al
ue

(b)

S2 MFA (degrees)

0 10 20 30 40 50

0 10 20 30 40 50-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

S2 MFA (degrees)

 Hemicellulose

 Lignin

(a)
C

oe
ffi

ci
en

t v
al

ue

Fig. 5 The regression coefficients with 95 % confidence intervals

from the two-factor linear regression model of the hygroexpansion

coefficients in a the longitudinal direction and b the transverse

direction under the investigated S2 MFAs. RH = 80 %
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longitudinal elastic properties. Therefore when the cellu-

lose content is changed by introducing different parts of the

interlayer, a bigger variation of cell wall modulus occurs

under moist condition (Fig. 7a). This difference is clearly

amplified at small S2 MFAs where the cellulose microfi-

brils are critical to the cell wall elastic properties in the

longitudinal direction. Since the matrix dominates the

transverse elastic properties of the wood cell wall [27], the

softening of matrix brings down all the modeled curves

from the dry state (Fig. 7b). But it does not significantly

affect the variation between different curves under moist

condition.

The present modeled results also show that under wet

condition, each part of the interlayer (Fig. 7a, b) exhibits

similar effects that were discussed at dry state [19]. The

S2-part of the interlayer can lower the longitudinal mod-

ulus and increase the transverse modulus, while the S1-part

Fig. 6 The influences of the S1-part and the S2-part on the cell wall

hygroexpansion coefficients. RH = 80 %. The measurements refer to

data of sugi tree [4]
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Fig. 7 The influences of the S1-part and S2-part on the soften

behavior of the cell wall in a the longitudinal direction and b the

transverse direction. Measurements refer to data of softwood from

[33]
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Fig. 8 The modeled longitudinal (a) and transverse (b) softening in

the cell wall elastic modulus with the interlayer configured as

tint1 = 0.1 lm and tint2 = 0.2 lm. Measurements refer to data of

softwood from [33]
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almost exerts the opposite effects on the cell wall modulus.

The effects of both parts get stronger when they become

thicker. Considering the effects of the S1-part and S2-part,

the modeled softening of elastic modulus can be managed

to approach the measurements by adjusting tint1 and tint2.

The configuration of tint1 = 0.1 lm and tint2 = 0.2 lm

gives a good agreement between the modeled and mea-

sured softening effect in the longitudinal direction

(Fig. 8a). Similar to the results from Salmén [11], shifting

the data up can give a good match to the modeled ones with

the interlayer in the logarithmic scale (Fig. 8b). The

interlayer between the S1 and S2 layers clearly has sig-

nificant influences on the cell wall hygroelastic properties.

Ignoring the transition between cell wall layers lowers the

accuracy of the hygroelastic models.

Conclusions

The transition zone between the cell wall layers has a

strong influence on the cell wall hygroelastic properties.

Substituting the S1-part for the inner S1 layer causes larger

transverse shrinkage of the cell wall. The effect reverses as

the outer S2 is replaced by the S2-part. The result in the

longitudinal direction is not consistent through the whole

S2 MFA range. The S1-part and S2-part both amplified the

shrinkage at small S2 MFAs, but the S2-part actually

suppresses the shrinking as the S2 MFA grows bigger than

20�. For the influence on the cell wall moduli, the behavior

of the interlayer under the moisture conditions is the same

as that under the dry condition. It is also shown that the

measured moisture-induced reduction of cell wall moduli

can be predicted by adjusting the thickness of the

interlayer.

The boundary conditions for the CC model and the

polymer contribution to the cell wall hygroexpansion are

also investigated. Applying zero stress at the inner

boundary seems to drive the hygroexpansion results of the

modified CC model away from the measured data. The

amorphous cellulose slightly affects the softening of the

cell wall moduli in the transverse direction and has no

significant impact on the longitudinal softening. The

modeled longitudinal hygroexpansion coefficients with the

amorphous cellulose also deviate from the measurements.

For the cell wall shrinkage and swelling, the contributions

of the hemicellulose and lignin vary with the S2 MFA. In

the transverse direction, the hemicellulose and lignin are

equally important in the wide range from 0� to 30�. Outside

this range, the hemicellulose contributes more. For the

contribution to the longitudinal hygroexpansion coefficient

of the cell wall, the two polymers are roughly the same

until the S2 MFA reaches 20�. The hemicellulose first

dominates when the S2 MFA ranges from 20� to 40�, and

then the influence of the lignin becomes pronounced as the

S2 MFA exceeds 40�.
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