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ABSTRACT: Understanding the atomic-scale structure of wood
microfibrils is essential for establishing fundamental properties in
various wood-based research aspects, including moisture impact,
wood modification, and pretreatment. In this study, we employed
molecular dynamics simulations to investigate the arrangement of
wood polymers, including cellulose, hemicellulose, and lignin, with a
primary focus on the composition of softwood, specifically Norway
Spruce wood. We assessed the accuracy of our molecular dynamics
model by comparing it with available experimental data, such as
density, Young’s modulus, and glass transition temperature, which
ensures the reliability of our approach. A key aspect of our study
involved modeling the active sorption site for water interaction with
wood polymers. Our findings revealed that the interaction between
water and hemicellulose, particularly within the hemicellulose−cellulose interphase, was the most prominent binding site. This
observation aligns with prior research in this field, further strengthening the validity of our results.

1. INTRODUCTION
Wood is a renewable and versatile material used for different
types of load-bearing structures as well as complementary
constructive components, such as cladding, decking, doors, and
windows. Its cell wall is composed of primary and secondary
walls, with the latter being multilayered (Figure 1). At a
microscopic level, the secondary wall is made up of three layers
(S1, S2, and S3), with the S2 layer contributing to
approximately 80% of the cell volume.1 The major polymers
in the cell wall are cellulose, hemicellulose, and lignin, bound
together as a fiber-reinforced composite that imparts
mechanical strength to wood. The specific composition of
polymers greatly differs based on plant origin, genetic
configuration, silvicultural activities, and location, leading to
variations in microfibril dimensions, proportions, and align-
ments. The arrangement of polymers on the microscopic scale
is organized as follows. Cellulose is a carbohydrate-based
polymer formed in a crystalline (or semicrystalline) phase and
located in the central core of the fibril, while amorphous
polymers, including hemicellulose and lignin, are situated in
the middle and outermost layer, respectively.2

The arrangement of cellulose fibrils causes the anisotropic
nature of the microfibril, where the longitudinal elastic and
strength properties exceed those in the transverse direction.3,4

Additionally, wood shows a strong inclination to absorb water
from the environment, leading to significant alterations in its
properties such as dimensional changes and a decrease in
elastic properties.5−7 A comprehensive review by Engelund et
al.8 provides detailed context on the interaction between wood

and water. This review explained that water molecules tend to
bind hemicellulose strongly, followed by cellulose and lignin.
Several studies using experimental and numerical methods
have attempted to quantify the diffusion mechanism of water.
Thybring et al. showed that the oven-dried samples exhibited
lower hydroxyl accessibility as hemicellulose undergoes
degradation. This demonstrated that the hydroxyl groups in
hemicellulose are the more pronounced site for water sorption
during moisture influence.9 Experimental findings using small-
angle neutron scattering and hydrogen/deuterium methods
show that hydroxyl groups in cellulose and hemicellulose are
the primary interaction sites for moisture absorption.10−13

Similar results have been observed with atomistic modeling
investigations.14−16 Despite several studies on moisture
absorption in wood, the underlying mechanism of this process
is still under debate. The atomistic modeling methods can
support and provide an understanding of the anisotropic
swelling observed in experiments. The scientific community is
still debating several other cell wall properties, including
electric conductivity, resistance against biotic and abiotic
deteriorations, and molecular mechanisms of chemical and
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physical material modifications. Molecular dynamics (MD)
simulations can provide an in-depth understanding of material
behavior at the atomic scale, and therefore, this method is
essential for studying the polymers present in the wood
fibril.15,17,18

The Derome group has established multiple models to study
cellulose, hemicellulose, and lignin using atomic modeling and
has contributed to the understanding of the hysteric behavior
of individual wood polymers and the S2 layer.15,19−26 One of
their works designed the S2 layer to investigate the influence of
moisture content using molecular dynamics (MD) simula-
tions.15 They illustrated the properties of the S2 layer under
dry and moisture conditions and compared them with
experimental results. However, the proposed model has some
shortcomings, such as uncertainty of mechanical modulus, lack
of information on the distribution of the lignin structure
model, inadequate information on the lignin force field
(GROMOS 53a6 force field) used for the MD simulations,
insufficient details on the sorption site of water, and
unavailability of the model for replication or direct use in
research. Furthermore, a recent work investigates the complex
composition of plant secondary cell walls (SCWs) using solid-
state nuclear magnetic resonance (ssNMR).27 The study
refines our understanding of the intermolecular interactions
and higher-order architecture of cellulose, hemicelluloses, and
lignin within air-dried Populus wood. Molecular dynamics
simulations further validate these structural insights, emphasiz-
ing the integration of experimental and computational
approaches.
Here, we focus on the preparation of atomistic representa-

tion of microfibril, considering the composition of softwood,
Norway spruce. The microfibril is constructed from the
fundamental units of wood polymers such as cellulose (CC),
hemicellulose (HC), and lignin (LIG) that are present in
softwood. After MD simulations, density, Young’s modulus,
and glass transition temperature are extracted and compared
with experiments. Another objective of this work is to find out
the key sorption site of interaction water in the wood
microfibril, in which additional MD simulations are carried
out by placing water molecules in the entire fibril. The final
results obtained from water interaction with wood polymers
are given by calculating the mean square displacement,
diffusion coefficient, and hydrogen-bonding analyses.

2. METHODS
2.1. Molecular Dynamics Simulations: Preparation of

Microfibril. Here, we briefly demonstrate different state-of-
the-art tools and techniques integrated to assemble an
advanced MD model of a wood microfibril. The core of the
fibril was built by four crystalline cellulose (CC) matrices
organized in a square format. The CC was constructed using
the cellulose-builder toolkit proposed by Gomes et al.28 Each
single cellulose polymer chain is composed of 40 repeating
glucose units (degree of polymerization = 40), and a single CC
is formed by 36 chains. In the case of hemicellulose (HC),
galatoglucomannan (GGM) was used for simulations, as GGM
is the dominant chemical structure present in softwood. The
chosen GGM was formed by the combination of glucose,
mannose, and galactose, and 16 units with 5 branches were
created. CHARMM-GUI was used to make the GGM model.29

The native structure of lignin is highly heterogeneous.
Therefore, a softwood-based lignin model with a molecular
weight of 1.2 kDa was developed for the needs of this
study.30,31 An integrated approach was employed to build the
lignin structure by combining different tools, such as
LigninBuilder,32 TopoGromacs,33 and TopoTools.34 All
inter- and intramolecular interactions are accounted by the
CHARMM force field potential35,36 as this CHARMM force
field is able to reproduce the experimental results.37−39 The
cutoff at 1.2 nm was used for nonbonded interactions, particle-
mesh Ewald summation (PME) was applied for long-range
electrostatic interactions, and the covalently bonded hydrogens
were constrained using LINCS during all simulations. All MD
simulations are carried out using GROMACS40 with a CUDA-
GPU-supported package.
Several steps were employed: (i) energy minimization was

performed using steepest decent followed by conjugate
gradient methods, (ii) equilibration with NVT ensemble was
applied for 5 ns at 300 K, followed by (iii) employing NPT
ensemble with 400 K and 500 MPa stress for 5 ns; CC
structures were constrained to maintain the crystallinity in this
step, (iv) annealing the temperature from 400 to 300 K was
done at 10 K/ps with 0.1 MPa (or 1 bar), and (v) the final
production run was carried out at NPT condition with 300 K
and 1 bar for 300 ns, in which the last 50 ns was used for the
analysis. The convergence of the trajectory is shown in the
Supporting Information. A constant strain rate of 5 × 108 s−1
was applied in a given axis under NPT conditions for Young’s
modulus calculation. The initial 4% stress−strain curve was

Figure 1. Hierarchical structure of wood from molecule to the cell wall levels.
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fitted as a linear function. The slope of the line was assumed as
Young’s modulus E value. The glass transition temperature was
calculated by increasing the temperature from 300 to 600 K
after the NPT production run and followed by cooling the box
from 600 to 0 at 0.1 K/ps to calculate glass transition
temperature (Tg).
2.2. Water Interaction with the Microfibril. To

investigate the interaction between water and wood polymers,
we introduced a water molecule into the microfibril using 1000
distinct configurations, ensuring that each polymer component
was considered without duplication of the same position or
orientation. Notably, the cellulose crystalline units within the
fibril remained intact, and the resulting configurations with
water molecules randomly placed confirmed the absence of
water penetration in the crystalline regions of cellulose. After
200 ps of simulations conducted under NVT conditions, we
calculated the potential energy for all 1000 configurations and
compared them. From this analysis, we selected the final two
configurations based on their stability, specifically choosing
those with the lowest energy among all examined config-
urations and the most favorable water placement. The selected
configurations were then subjected to a series of steps,

including minimization, equilibration, and a production run
lasting 25 ns, all of which were performed using the same
simulation setup as described above. The TIP3P model was
considered in the present study for water, and the CHARMM
potential was used for inter- and intramolecular interactions.41

3. RESULTS AND DISCUSSION
3.1. Validation of Dry Microfibril. The spatial distribu-

tion of these molecules after the proprietary model arrange-
ment is presented in Figure 2, where each polymer is
differentiated by color. The total volume of the model box
was 2819.0 nm3. The chemical nature of these polymers
promotes the bonding of hemicellulose with both cellulose and
lignin. The direct interaction of cellulose and hemicellulose
was substantially higher, about an average of five times, than
that of cellulose−lignin. This was confirmed as shown in
Figure 3, where the distribution of the separate components, as
well as the pairs, are presented. The proposed MD model
interactions were consistent with the previous findings, in
which the authors employed solid-state NMRs and computa-
tional modeling to account for the detailed structural
characteristics of plant cell walls.42−45

Figure 2. Molecular dynamics model of Norway spruce fibril. Note: dimensions correspond to the simulation model box.

Figure 3. Distribution and interactions of cellulose, hemicellulose, and lignin within the MD model of Norway spruce fibril.
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The wood fibril model was validated against important
properties such as the density of wood in a dry state, Young’s
modulus of elasticity, and glass transition temperature. Our
model is superior compared to those previously proposed in
the literature because of the transparency in the force fields, a
more rational lignin structure and distribution, and openly
available data for the recreation of the softwood fibril model.
We have considered Norway spruce (Pica abies) softwood as a
natural biomaterial reference to create a corresponding fibril
model. The composition of the predominant polymers such as
cellulose, hemicellulose, and lignin is presented in Table 1.46

Three key properties of the fibril were calculated based on
this atomistic model, including bulk density ρ, Young’s
modulus of elasticity E, and glass transition temperature Tg.
In Table 2, values obtained by numerical simulation are
compared to the corresponding data available in the literature.
The resulting density of the fibril simulated with the MD

model was 1338 kg m−3, which is in agreement with the value
predicted using the alternative MD model (1352 kg m−3), as
reported by Kulasinski et al.15 The simulated density values
closely correspond to the experimental data summarized in
Table 2.47,48 In that case, the bulk density of Norway spruce,
determined experimentally, varied in the range of 1500−1529
kg m−3. Additionally, we computed the density of individual
polymer components to evaluate the force field and found that
crystalline cellulose, hemicellulose, and lignin exhibited 1460,
1361, and 1202 kg m−3, respectively. Considering these
densities from the CHARMM force field, the overall fibril
density could be influenced by accumulated errors from each
component. The average values of hemicellulose and lignin
densities combined are approximately 1281 kg m−3. This may
significantly impact the overall density of our system,
particularly when combined with the observed crystalline
cellulose density of ∼1460 kg m−3 in the fibril.

Young’s modulus E was calculated in three anisotropy
directions (x, y, and z) as the microfibril’s properties are
orthotropic. Therefore, the modulus in the z-direction was
defined as longitudinal, while other axes (x and y) were
transverse. The simulated Young’s modulus values in both
transverse directions resulted in comparable values of 4.4 and
4.1 GPa for the x and y axis, respectively. These results align
with the values proposed by alternative MD simulations15 as
well as experimental works.49 The arrangement of the
crystalline cellulose chain within the fibril in the x and y
directions is rather similar and in the same dimensional order.
Conversely, it is rather difficult to directly compare Young’s
modulus in the longitudinal (z) direction determined in MD
simulations with the values reported in the literature. The main
reason is due to the great variation of E with respect to the
microfibril angle. In such instances, various authors49−51

reported Young’s modulus results as a function of the
microfibril angle. These ranged from 10 to 70 GPa for
transverse (90°) and longitudinal directions (0°), respectively.
The E value in the z-axis direction determined through the
presented MD model was 22.1 GPa, falling within the range of
references. It is important to highlight that direct comparisons
between macroscopic values of wood fibril and MD fibril-
derived values may pose challenges. This is attributed to
variations in the molecular arrangement, porosity distribution,
and the varying crystallinity levels observed in cellulose.
The glass transition temperature was calculated based on the

density fitting method, as presented by Lin et al.52 The MD
fibril model presented here predicts the Tg value of 401.7 K
after fitting the density values from 600.0 to 0.0 K. It is within
the range of 333.2 to 473.2 K as reported in the literature for
wood fibrils. The relatively broad range of wood Tg is related
to the diversity of wood due to species as well as the variations
induced by geographical origin and silviculture. Moreover, the
Tg values of amorphous polymers such as hemicellulose and
lignin were also calculated separately to understand their
impact on the overall Tg value. It is evident that the Tg of lignin
(∼409.0 K) contributes heavily to the Tg of the fibril, as this
temperature is close to that of the whole fibril complex
simulated with MD. Conversely, the Tg of hemicellulose (∼356
K) was smaller. This is consistent with state-of-the-art
knowledge and further supported by the experiments. It is
commonly assumed that the Tg of wood corresponds to the Tg
of the lignin constituting wood.53,54

3.2. Water Interaction with the Microfibril. It is
essential to emphasize that our proposed model lacks the
presence of water, which hinders the elucidation of the

Table 1. Composition of the Constructed Fibril Model for
Softwood Based on the Existing Composition of Softwood

chemical components cellulose hemicellulose lignin total

Norway spruce wood
mass ratio % for MD
model

42 30 28 100

the molecular weight of a
polymer chain

6488 3422 1161 11,071

no. of polymer chains 36 × 4 196 536 846
atoms 121,392 87,024 81,472 289,888

Table 2. Fibril Properties Simulated with the Presented MD Model in Comparison with Alternative MD Models and
Experimental Values Reported in Literature Referencesc

property parameters this study exp

bulk density, ρ (kg m−3) 1338.00 (1.73)a 150047

1517−152948

Young’s modulus of elasticity, E (GPa) X 4.44 4.3−4.6b49

Y 4.06 4.3−4.6b49

Z (longitudinal) 22.07 21−37b49

glass transition temperature, Tg (K) fibril 404.47 333.15−473.1553,54

hemicellulose 356.00 313.1553,54

lignin 409.09 323.15−373.1524

aStandard deviation is mentioned in the parentheses. bThe range of Young’s modulus in the longitudinal direction was calculated based on the
cellulose microfibril angle. cYoung’s modulus values were measured for different Spruce wood species.
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moisture influence mechanism.55,56 Several experimental
studies have proposed that water tends to bind to different
active sites, corresponding to lignin and carbohydrate
polymers. Predicting such behavior is challenging with existing

techniques due to the complex arrangement of the polymer
matrix in wood.57,58 The binding mechanism remains a subject
of debate, with no concrete description of water-absorbing sites
in dry wood available to date. In this study, we aimed to shed

Figure 4. (a, b) Chosen configurations of water in the fibril with respect to different positions (cases 1 and 2); the blue color bead in each
represents the location of water in the fibril matrix. (c, d) Specific location of water interacting with fibril components; arrows indicate the hydrogen
bonds. (e, f) Probability distribution of the number of hydrogen bonds existing between cellulose−hemicellulose for case 1, hemicellulose−lignin
for case 2. (g, h) Typical hydrogen bond distance between and fibril components.
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light on the underlying mechanism of fundamental water-
binding sites in dry wood by randomly placing water molecules
within the polymer matrix.
After performing comprehensive simulations by randomly

placing the water in the fibril, we observed two distinct
configurations of water interaction with wood components.
For instance, we observed water located at the interphase
between crystalline cellulose and hemicellulose, as well as
another configuration where water is present in the amorphous
polymer region interphase (hemicellulose and lignin). These
configurations are illustrated in Figure 4, and a few properties
of the fibril-water are presented in Table 3. Subsequent
simulations, including minimization, equilibration, and pro-
duction runs lasting 25 ns, were carried out using the most
stable configurations.

Notably, our results indicate that water binding at the
interphase between crystalline cellulose and hemicellulose
(case 1) exhibited a higher potential energy compared to water
presented in the hemicellulose−lignin regions (case 2), with an
associated energy difference of approximately 1110 kJ/mol. A
similar trend was observed in the mean square displacement
(MSD) results, where case 1 demonstrated higher MSD and
diffusivity than case 2 (from Table 3). Several factors may
contribute to this difference, including weaker binding or
interaction between water and the cellulose−hemicellulose
matrix in case 1. Furthermore, variations in pore size at the
distinct phase between cellulose−hemicellulose (crystalline−
amorphous) may result in less confinement of water compared
to the amorphous hemicellulose−lignin network (case 2), as
the pore networks are significantly smaller in amorphous
polymers than in case 1. Additionally, the hydrophilic nature of
the cellulose surface and hemicellulose may impact water-
attracting properties and result in weaker polymer−water
interactions, ultimately leading to higher water mobility.
We further explored these results by analyzing the hydrogen

bond network between water and the polymer matrix. In case
1, the number of hydrogen bonds is significantly dominated by
hemicellulose, with approximately three hydrogen bonds
formed compared to one hydrogen bond for cellulose. The
probability of hydrogen bond formation is also twice as high
for hemicellulose compared to cellulose. Similarly, in case 2,
hemicellulose again dominated the number of hydrogen bonds,
with two in total compared to one for lignin. However, the
probability of hydrogen bond formation with lignin is slightly
higher than that with hemicellulose, despite the lower number
of hydrogen bonds. These results correlate with the lifetime of
hydrogen bonds calculated for both cases. In case 1, the
hydrogen bond lifetime for cellulose with water is 2.67 ps,

which is lower than that for hemicellulose with water (5.71 ps).
Conversely, in case 2, lignin significantly dominates the
hydrogen bond lifetime, with a value of approximately
121.73 ps, compared to hemicellulose with 8.58 ps. Overall,
our findings emphasize that hemicellulose dominates the water
interaction in case 1, while lignin plays a predominant role in
hydrogen bonding in case 2. The simulation results are in good
agreement with the experimental findings proposed earlier that
hemicellulose is the more pronounced site to adsorb water
during water dynamics, compared to cellulose and lignin.8,59 In
both cases 1 and 2, hemicellulose plays a critical role in water
dynamics due to the fact of hydrophilic characteristics, while
lignin exhibits a lower interaction with water because of its
aromatic hydrophobic structure.
In summary, the proposed MD model of the fibril and its

configuration are adequate to represent wood fibrils at the
atomic scale. Although this fundamental solution corresponds
to the smallest wood constituent unit, some percentage of error
in the prediction of the proposed properties cannot be
prevented. The source of error can be associated with the three
following factors. First, the representation of the force field
parameters is limited due to the large number of atoms
representing the different constituents of the fibril. Second, the
genuine molecular models of amorphous polymers, hemi-
cellulose, and lignin are limited due to the heterogeneity of
biological-origin materials. A relatively small size of the
hemicellulose and lignin molecules was used in the model.
Nevertheless, the structural distribution and composition of
these chains are heterogeneous, leading to a good analogy to
natural systems. It is particularly relevant to the lignin
polymeric structure represented here in such a complex
configuration for the first time. Finally, the numeric system
preparation is identified as a third source of error. The protocol
developed for the generation of the fibril model involves
several steps that are indispensable to achieving the most
realistic fibril structure representation that is possible. The MD
simulations especially influence the misrepresentation of the
fibril properties due to the distinct distribution of molecules in
the box. It should be mentioned that the accepted error range
for describing material properties is smallest at the macro-
scopic scale due to the possibility of more uniform
homogenization of the polymers. Conversely, as the scale of
the system is reduced, the minor changes in the distribution of
molecules may significantly impact the estimated materials’
properties, leading to the higher expected and tolerated
inaccuracy.

4. CONCLUSIONS
Molecular dynamics simulations were employed to develop a
fundamental microfibril system at the atomic scale. Such a
model is a fundamental prerequisite for any research involving
wood and lignocellulosic biomass. This study concentrates on
creating a microfibril model using Norway Spruce wood as the
basis. Several properties, including density, Young’s modulus,
and the glass transition temperature obtained from these
simulations, are validated against experimental values. The
results demonstrate excellent agreement with the existing
literature. To investigate water interactions with wood
components, a water molecule was randomly placed within
the matrix, generating around a thousand different config-
urations. From these, two of the most stable configurations
were selected for a detailed study of the water dynamics. The
findings reveal that hemicellulose is the dominant component

Table 3. Relative Potential Energy, Volume, Density, and
Diffusion Coefficient of Water from Two Chosen
Configurations, Containing Fibril and Watera

properties case 1 case 2

relative potential energy (kJ mol−1) 0 1110
volume (nm3) 2812.57

(±1.59)
2814.83
(±1.50)

density (kg m−3) 1316.51
(±0.76)

1315.46
(±0.70)

diffusion coefficient of water
(1e−9 cm2 s−1)

1.035 0.847

aThe standard deviation is mentioned in the parentheses.
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in water interactions. Particularly, the cellulose−hemicellulose
interphase exhibits more pronounced water dynamics
compared to those of the hemicellulose−lignin interphase.
This insight provides a deeper understanding of water
interactions with fibril components, further clarifying the
experimental objectives. This microfibril model serves as a
crucial precursor for wood-based research, encompassing the
simulation of biological processes, biorefinery, modification,
functionalization, chemical, mechanical, and enzymatic pre-
treatment processes, solvent-based fractionation, wood-based
composites, and more. Importantly, we emphasize that the
step-by-step protocol of this proposed model preparation,
along with troubleshooting, will be published soon under the
name of the same authors as an open source and will be freely
available.
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