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Abstract 

Polyethylene glycol (PEG) is used to treat wood as a consolidation method. The effect of PEG 

on the shear strength during pull-out of crystalline cellulose (CC) fiber out of an amorphous 

cellulose matrix is simulated with molecular dynamics. The interfacial shear force shows a 

stick-slip behavior and is weakened with increasing moisture content. The shear strength 

increases at low moisture content, manifesting a slight strengthening of interfacial mechanical 

property due to cohesive forces exerted by the water molecules. At higher moisture content the 

shear strength reduces due to breakage of the hydrogen bonds between CC and matrix by water 

molecules. When adding PEG, amorphous cellulose around the crystalline fiber is replaced by 

PEG, forming a mixture with the amorphous cellulose. It is found that PEG-treated CC-AC 

composite maintains its shear strength and does not deteriorate the dependence of the shear 

strength on moisture content. A shear strength model based on the number of hydrogen bonds 

between the fiber and the matrix is developed and validated. The model reveals that, although 

the shear strength per hydrogen bond between the fiber and PEG is lower than the shear strength 

per hydrogen bond between the fiber and amorphous cellulose, the final shear strength is partly 

compensated by an increase in the total number of hydrogen bonds with increasing PEG ratio. 

Since PEG reduces the moisture content in the composite at low relative humidity, PEG treated 

wood in museum conditions (RH<40%) will show enhanced shear strength. The framework is 

a basis for further investigation of realistic archeological wood with PEG-treatment. 

 
Keywords: Shear strength; Polyethylene glycol; Composite; Stick-slip; Molecular dynamics 
simulation 

1. Introduction 

Wood plays a significant role in human history, from the Neolithic period to modern times 

[1]. Because of its abundance, biocompatibility, and versatility, wood has a long history of 

being used in various fields, such as for fuels, construction, tools, and paper fabrication. Wood 
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has a multiscale hierarchical structure consisting of lumber, growth ring, cell, and layered cell 

wall material [2]. At the cell wall level, the cell wall has a layered structure and is composed of 

multiple components, within which the S2 layer is the thickest and plays a key role in the wood 

cell wall’s mechanical properties. The S2 layer can be considered as a biopolymer composite 

material as it is composed of stiff crystalline cellulose (CC) microfibrils embedded in a soft 

matrix of hemicellulose and lignin.  

Since cellulose-based composites possess abundant hydroxyl groups and show a nanoscale 

porosity, wood cell walls are sensitive to moisture from the ambient environment. The 

moisture-induced deformation upon hydration/dehydration of the wood cell walls is at the 

origin of wood swelling/shrinkage at the macroscopic scale. With the adsorption of water 

molecules, the hydrogen bonds between the wood polymers are broken and replaced by water-

polymers hydrogen bonds which leads to mechanical weakening. With the help of molecular 

dynamics (MD) simulation studies, the predominant role of hydrogen bonds between polymer-

polymer and water-polymers during hydration can be revealed [3]. 

Polyethylene glycol (PEG) is one of the most commonly used consolidants to treat decayed 

archeological wood artifacts such as the shipwrecks Mary Rose and Vasa [4,5]. Studies show 

that PEG-treatment provides an increased dimensional stability and reduced shrinkage of wood 

during drying, replacing water by PEG in the pore space. The PEG treatment may also lead to 

a weakening of wood mechanical properties [4], such as lower stiffness, indentation hardness, 

and higher creep deformation in comparison with untreated wood [8]. Although PEG has been 

used for decades to treat archaeological wood, the structure of wood cell wall at the molecular 

level after PEG treatment, the corresponding mechanical properties as well as the fundamental 

mechanism underneath the consolidation still need to be elucidated. 

The sorption-induced phenomena observed at the macroscopic scale are determined by the 

interactions of water molecules and the wood cell wall at microscopic scale. However, due to 

the limitations of contemporary experimental techniques, a full understanding of the water-

polymer interactions and induced cell wall structure modification at the atomistic scale is a 

formidable task without advanced computational modeling methodology. In recent years, MD 

simulation has been used in many woods cell wall-related studies. Due to its ultrahigh temporal-

spatial resolution, atomistic-level details can be obtained, leading to a better understanding of 

the fundamental mechanisms for anisotropic swelling, and mechanical weakening of the woods 

cell wall upon hydration. MD study of a cellulose fiber-reinforced composite reveals its 

fundamental feature of hygromechanical behavior over the full hydration range [9]. In [9], 

anisotropic swelling and the interphase region generated by the fiber reinforcement, and the 

stick-slip behavior revealed by pullout test were documented. The decisive role of interface 

interaction and hydrogen bonds on the slick-slip behavior was illustrated. The study 
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demonstrated the capacity of MD to investigate the hygro-mechanical behavior of wood cell 

wall at the molecular scale and unraveled the underlying mechanism of hygro-mechanical 

properties determined by water-polymer interaction. 

In the present study, a representation of a simplified model of wood S2 cell wall layer with 

PEG-treatment is established by using a composite composed of crystalline cellulose (CC) 

incorporated in PEG-treated amorphous cellulose (AC) matrix. The inspiration of the system 

studied in this work is from our previous research of the all-cellulose composites [10], which 

maintains the key sorption and mechanical properties of fiber-reinforced composites and 

circumvent the difficulty of realizing a realistic chemical structure of decayed archaeological 

wood. The shear strength during pull-out is examined for different PEG ratios with MD 

simulation. First, properties of the composites at the nanoscale are investigated. The atom 

number density profiles of AC and PEG in the composites influenced by the fiber-matrix 

interface interaction for different hydration levels is probed. The swelling of the composite, and 

the hydrogen bond network at the interface for different PEG ratios and moisture contents are 

studied. Then, the impact of PEG treatment on the interfacial mechanical properties of the 

composites are investigated by pullout tests. Furthermore, based on an extensive MD dataset, a 

shear strength model is developed assuming that the shear stress is proportional to the hydrogen 

bond density between the crystalline fiber and the amorphous matrix. The analysis supported 

by the model provides an understanding of the mechanism of the impact of PEG treatment on 

interfacial mechanical properties at molecular level. Finally, conclusions and suggestions for 

future research are drawn. 

 

2. Materials and methods  

2.1. MD settings 

MD simulations are carried out using GROMACS package version 2018.8 [11]. Newton’s 

equation of motion is integrated with the leap-frog algorithm and the time step for the 

integration is 1 fs. For thermostat coupling, the temperature is controlled by the v-rescale 

scheme [12]. The pressure is controlled by the Parrinello-Rahman barostat. The cut-off radii 

for the calculation of Coulomb and Van der Waals forces are both 1.2 nm. The fast smooth 

Particle-Mesh Ewald method is used to calculate the long-range Coulomb interactions. The 

neighbor list is enumerated based on the Verlet cutoff scheme every 10 timesteps. The 

interaction between the atoms of polymers is described by the OPLS-AA force field [13] and 

the full parameters are obtained by utilizing the TPPMKTOP database [14]. The data collected 

in this study is the average value of two realizations. 
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2.2. Preparation of the dry composites 

Wood cell wall is made of a network of stiff cellulose microfibrils embedded in a compliant 

polymer matrix [15]. As a simplified model of S2 layer, the composite is composed of 

crystalline cellulose (CC) and surrounding amorphous matrix representing one elementary 

fibril. Inspired by our former work we choose as model amorphous cellulose (AC) as 

amorphous matrix [16]. This model is based on the all-cellulose composite concept, which 

considers bio-composites where the matrix is a dissolved and regenerated cellulose, and the 

reinforcement is an undissolved or partly dissolved cellulose. PEG molecules are introduced 

into the AC matrix to realize the PEG-treatment of wood cell wall. 

The initial configuration of CC is generated by the Cellulose-Builder toolkit [17], in which 

the crystalline structure of cellulose based on the crystallographic structure reported by 

Nishiyama et al. [18] is used. The CC consists of 36 chains in Iβ form while each chain is 

composed of 5 cellobiose units – as a result, the length is approximately equal to 5.3 nm. The 

cross-section of the CC is a hexagonal shape with dimensions of roughly 5 × 3 nm2, which is 

one of the most frequently proposed configuration for the elementary fibril of the wood cell 

wall though various other forms have also been suggested [19–21]. The lateral dimensions of 

the elementary cellulose fibril in the wood secondary cell wall are several nanometers, while 

the longitudinal direction can be up to µm [22]. The perimeter and cross-section area of CC is 

calculated to be about 13 nm and 12 nm2, respectively, with the help of the convex hull function 

of SciPy [23]. By multiplying length and perimeter of CC, the contact area between CC and the 

amorphous matrix is determined to be about 69 nm2. 

Considering the ultrahigh length-to-diameter ratio, it is reasonable to assume that CC is 

infinitely long along the longitudinal direction as already implemented in previous research 

[9,10]. To achieve this purpose, the cellobiose units at the periodic boundaries are adjusted, so 

that the atomic interactions are repeated similar as in the middle of the cellulose chain. The 

equilibration of the initial cellulose fibril is implemented by a combination of energy 

minimization using a conjugate-gradient algorithm, NVT at temperature T = 300 K and NPT at 

pressure P = 0 bar and temperature T = 300 K. The density of CC after equilibration is around 

1.6 g cm-3, which compares well with experimental values. 

The AC matrix is composed of 25 cellulose chains with a degree of polymerization (DP) of 

25 cellobiose units. PEG molecules with DP of 4 monomers, i.e., PEG200, which is the shortest 

PEG used in practice for the conservation of waterlogged archaeological wood [24], are used. 

PEG molecules are incorporated within the AC matrix with the aim to mimic the PEG-

treatment. Depending on the specific mass ratio of PEG, a certain number of PEG molecules 

are used to build the PEG-treated composites. With the help of Packmol [25], the relaxed 
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structure of CC as well as randomly distributed AC chains and PEG molecules are packed into 

an orthogonal box with periodic boundary conditions applied in all three directions. 

The initial configuration is subjected to one energy minimization step and a series of 

relaxation steps, which includes NVT (T = 300 K) for 1 ns, NPT (T = 300 K, P = 0 bar) for 10 

ns, NPT (T = 450 K, P = 0 bar) for 10 ns, NPT (T =600 K, P = 0 bar) for 5 ns and NPT (T = 

300 K, P = 0 bar) for 10 ns. To facilitate the further rearrangement of AC and PEG molecules, 

the structure is annealed by a combination of NVT (T = 700 K) for 10 ns, NVT (T = 500 K) for 

5 ns, NVT (T = 300 K) for 5 ns, NPT (T = 300 K, P = 0 bar) for 10 ns to obtain the final structure 

of the dry state. The protocol for packing the composite is adapted from our prior research on 

amorphous cellulose [26] and all-cellulose composites [10], where the elevated temperature is 

applied to induce efficient relaxation of the molecular chains of the matrix. Throughout the 

final NPT run, the system's potential energy, volume, and density are allowed to reach 

equilibrium with fluctuations around a stable value. During the high-temperature relaxations, 

strong harmonic potentials are applied to pairwise carbon atoms of CC to maintain the ordered 

crystalline structure, which follows the procedure used in our previous studies [9,10]. The 

harmonic restraints are exclusively applied to CC and are removed during further low-

temperature relaxations, thereby the influence on the dynamics of the atoms is negligible. 

The PEG ratio is defined as: 

 

𝑚𝑃𝐸𝐺 =
𝑚𝑎𝑠𝑠𝑃𝐸𝐺

𝑚𝑎𝑠𝑠𝐴𝐶

(1) 

 

To study the effect of PEG-treatment with various levels on the structural and mechanical 

properties, composites with PEG ratios of 0%, 5%, 10%, 15%, 20%, 25%, and 30% are 

constructed. 

 

2.3. Hydration 

Moisture content is gradually increased by inserting water molecules one after another into 

each CC-AC-PEG composite based on a random insertion scheme. The water molecules based 

on the SPC model are inserted in randomly selected locations without overlapping with existing 

atoms, representing water molecules that are adsorbed by the amorphous matrix in the available 

porous region. After each successful insertion, one conjugate gradient energy minimization and 

one NPT relaxation (T =300 K, P = 0 bar) for 10 ps are applied consecutively to relax the 

system. 

The moisture content is defined as the mass of water divided by the mass of the amorphous 

matrix, namely the mass of AC and the mass of PEG in total: 
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𝑚 =
𝑚𝑎𝑠𝑠𝑤𝑎𝑡𝑒𝑟

𝑚𝑎𝑠𝑠𝐴𝐶 + 𝑚𝑎𝑠𝑠𝑃𝐸𝐺

(2) 

 

It should be noted that the moisture content is usually defined as the ratio of the mass of 

water to the mass of dry material, which means the mass of CC would be included in the dry 

mass as the denominator. However, since the crystalline core of CC does not adsorb water 

molecules only the mass of the amorphous matrix is considered in the determination of moisture 

content, following previous MD studies of wood cell wall composite [9,10]. The highest 

moisture content reached in this study is 0.3. Table S1 in appendix A1 gives the PEG ratio 

(𝑚𝑃𝐸𝐺) and the moisture content (𝑚) of all the composites studied.  

 

2.4. Pullout test  

Pullout tests are used to quantify the mechanical properties of the interface between 

crystalline fiber and amorphous matrix. The shear stress versus displacement of CC is recorded 

during the pullout process. A pulling force is applied at the geometrical center of CC atoms by 

a virtual spring with a spring constant 𝑘𝑝𝑢𝑙𝑙  =  16.61 J∙m-2  moving at a constant velocity 

𝑣𝑝𝑢𝑙𝑙 =  0.1 m∙s-1 (See Figure 1). Limited by computational cost, the pulling speed is chosen 

to be a value as low as possible which allows the amorphous matrix to relax. The constant of 

the virtual spring and the pulling speed are carefully selected by prior test runs to ensure the 

occurrence of stick-slip behavior rather than steady sliding. For the atoms of amorphous matrix, 

the center of mass translational velocity is removed every 100 MD steps, to prevent that the 

matrix from drifting away.  
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Figure 1. Schematic view of the pullout test. The crystalline cellulose (CC) fiber is embedded 

in an amorphous cellulose matrix. The green surface shows the boundary between CC and the 

matrix. The virtual spring with a spring constant of 𝑘𝑝𝑢𝑙𝑙  applies a pulling force at the 

geometrical center of CC and the other end of the virtual spring moves at constant velocity 

𝑣𝑝𝑢𝑙𝑙. 

 

2.5. Measurement 

2.5.1. Swelling strain 

 

The CC is surrounded by an amorphous matrix with a thickness of about 2 nm. Although the 

crystalline cellulose is anisotropic due to its hexagonal-shaped cross-section, we assume the 

composite transversely isotropic in terms of swelling strain following our previous work [9]. 

This is reasonable since the difference in elastic properties between the two transverse 

directions is negligible when compared to the much larger stiffness in longitudinal direction 

[9]. The uniaxial swelling strain in the three orthogonal directions (𝜀𝑋, where X = x, y, z) is 

defined as: 

 

𝜀𝑋 =
𝑋(𝑚) − 𝑋(0)

𝑋(0)
(3) 

 

where 𝑋(𝑚) is the size of the system at moisture content 𝑚, and 𝑋(0) is the size of the system 

in dry condition, namely applying a Lagrangian approach. The x and y axes are the transverse 
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directions (T) and the z-axis the longitudinal direction (L). Two uniaxial swelling strains are 

determined, i.e.,  𝜀𝐿 =  𝜀𝑧 and 𝜀𝑇  =  (𝜀𝑥  +  𝜀𝑦)/2. Due to the elastic modulus of crystalline 

nanofiber along the longitudinal direction (~150 GPa [27]) being several times higher than that 

in the transverse direction (18 – 50 GPa [28]), the swelling strain in the longitudinal direction 

is almost 0 at all moisture contents. Therefore, only swelling strain in transverse direction is 

reported in this work. 

 

2.5.2. Number density of atoms 

 

The interaction between CC and the amorphous matrix has a significant influence on the 

distribution of the atoms close to their interface [9]. To quantitively address this impact, the 

number density of atoms (𝜌𝑁 ) as a function of the distance to the CC surface (𝑑𝐶𝐶 ) is 

determined, where 𝜌𝑁 is defined as: 

 

𝜌𝑁(𝑑𝐶𝐶) =
𝑁(𝑑𝐶𝐶 + ∆𝑑) − 𝑁(𝑑𝐶𝐶)

𝑉(𝑑𝐶𝐶 + ∆𝑑) − 𝑉(𝑑𝐶𝐶)
(4) 

 

where 𝑁(𝑑𝐶𝐶) is the number of atoms within the distance 𝑑𝐶𝐶 to the CC surface, and 𝑉(𝑑𝐶𝐶) 

is the volume occupied by these atoms. 

The enrichment of the atom density by the interface 𝛥𝜌𝑁 is defined as in our previous work 

[9] as the difference between the maximum value 𝜌𝑁
peak

= max (𝜌𝑁(𝑑𝐶𝐶)) and the relative 

constant the number density 𝜌𝑁
𝑓𝑙𝑎𝑡

reached sufficiently far away from the CC surface:  

 

𝛥𝜌𝑁 =  𝜌𝑁
peak

− 𝜌𝑁
𝑓𝑙𝑎𝑡 (5) 

 

2.5.3. Displacement and shear stress during pullout 

 

The displacement of CC at time 𝑡 is defined as the distance the center of mass of CC moved 

from its initial position to its current location. The interface shear stress 𝜏 at time 𝑡 is defined 

as the shear force applied to the CC fiber divided by the contact area of CC and matrix, i.e. ~69 

nm2 as noted in subsection 2.2. The maximum values of the shear force are determined as the 

peaks in the shear stress-displacement curve. 

 

2.5.4. Characterization of hydrogen bond 
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The number of hydrogen bonds (#𝐻𝐵) formed between CC and the amorphous matrix are 

determined, where a hydrogen bond (HB) is defined based on the following geometric criterion 

[9]: 

 

𝑟 ≤  0.35 nm and 𝛼 ≤  30°  (6) 

 

where 𝑟 is the distance between the donor oxygen and acceptor oxygen atom, and 𝛼 is the angle 

determined by acceptor oxygen atom – donor oxygen atom – donor hydrogen atom. The 

threshold of 0.35 nm equals the first minimum of the radial distribution function of SPC water 

[29]. The angle of 30° is approximately the angle of vibrations that break HBs [30]. 

The areal density of interfacial hydrogen bonds, #𝐻𝐵 𝐴−1 , is defined as the number of 

hydrogen bonds between CC and the amorphous matrix normalized by the contact area between 

CC and the matrix. The protocol to determine the hydrogen bond follows our previous work 

[9]. The local maxima in the areal density of interfacial hydrogen bond curve are determined. 

 

3. Results and discussion 

3.1. Nanostructure and properties of composites 

Figure 2 shows the measured density of the CC-AC-PEG composites in the dry state for 

different PEG ratios. The density of the composite first slightly increases, whereafter it drops 

with increasing 𝑚𝑃𝐸𝐺. Using the density of the crystalline fiber (1.6 g cm-3, the density of AC 

(1.4 g cm-3), and the density of PEG (1.1 g cm-3), the density of the composite can be predicted 

using the rule of mixture (RoM) [3]. The details of the calculation can be found in appendix 

A2. The dashed blue line in Figure 2 shows that the composite density predicted by the RoM 

underestimates the density for all PEG ratios. In contrast, the prediction is in good agreement 

for the composite without PEG ratio. This indicates that when adding PEG to the composite, 

the PEG is not mixed according to its volume fraction, as assumed in a classical RoM. Detailed 

analysis shows that when adding PEG to the composite, part of the PEG is mixed with AC, 

while another part fills the initial porosity of AC. A new RoM is derived taking into account 

this filling process of AC porosity by PEG. The dashed black line in Figure 2 shows a good 

agreement between the predicted densities by the new RoM and the MD densities. This filling 

process results in an increase of the composite density at low PEG ratio. At high PEG ratio the 

compsite density decreases since the density of PEG is lower than the density of AC.  
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Figure 2. Density of composites at dry state as a function of PEG ratio. The blue dashed line 

shows the composite density predicted by the classical RoM. The black dashed line represents 

the composite density predicted by the new RoM, where the filling of the initial porosity of AC 

by PEG is considered. 

 

The distribution of AC, PEG, and water molecules in the amorphous matrix is characterized 

by the atom number density profiles as a function of the distance to CC surface in Figure 3. For 

the dry CC-AC composite in Figure 3a, the atom number density of AC is zero close to CC and 

then increases rapidly to the peak values. The same observation is made for the CC_AC-PEG 

composite with low density for PEG at the CC interface. These results indicate a densification 

of AC and PEG close to the CC. Comparing Figures 3a-b shows that the peak height of AC 

density decreases when PEG content increases, which indicates that AC molecules are replaced 

by PEG molecules at the CC. The sum of the peak values of AC and PEG density increases 

slightly for increasing 𝑚𝑃𝐸𝐺, which shows that treating AC with PEG increases the total atom 

number density near the CC surface. However, PEG is not able to fill the total open space 

between CC surface and matrix. The ratio between the peak values for PEG and AC increases 

for increasing PEG ratio: 𝜌𝑁,𝑃𝐸𝐺
𝑝𝑒𝑎𝑘

𝜌𝑁,𝐴𝐶
𝑝𝑒𝑎𝑘

⁄  = 0.0, 0.18, 0.32, 0.42, 0.56, 0.79, 0.83 for 𝑚𝑃𝐸𝐺 = 0, 

5, 10, 15, 20, 25 and 30%, respectively. Compared to this increase in peak value ratio, the ratio 

between the flat values for PEG and AC increases less strongly: 𝜌𝑁,𝑃𝐸𝐺
𝑓𝑙𝑎𝑡

𝜌𝑁,𝐴𝐶
𝑓𝑙𝑎𝑡

⁄  = 0.00, 0.04, 

0.09, 0.17, 0.24, 0.29, 0.39, for the corresponding 𝑚𝑃𝐸𝐺 values, respectively. This indicates 

that more PEG molecules are located at CC surface than in the matrix. The location of the peak 
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density of PEG and AC atoms is around 0.31 nm and 0.36 nm from CC, respectively, at low 

moisture content (< 12 %). The peak position of AC atoms remains nearly unchanged for 

increasing 𝑚𝑃𝐸𝐺.  

The atom number density profiles for water in Figures 3a-b show two distinct peaks, which 

are closer to CC surface in comparison to the peaks of PEG and AC. The first peak indicates 

that water molecules fill the open space between CC and matrix that is not accessible by PEG 

nor AC molecules. The second peak indicates the adsorption of water molecules by the matrix. 

In appendix A3, the Stokes-Einstein radius is determined for PEG chain and water molecule. 

The PEG diameter is found to be 3.12 Å, while for water it is 1.91 Å. This shows that the 

hydrodynamical diameter of PEG chain (which corresponds to the size of a carbon bead in the 

chain) is larger than that of water, explaining that water molecules can more easily access the 

open space between CC and matrix compared to PEG chains.  

Figures 3c and 3d show that the peak and flat atom density values of AC and PEG decrease 

with increasing moisture content, while the peak and flat density values of water molecules 

increase substantially. The peak density values of water molecules change with increasing 

moisture content more significantly than the flat density values. This indicates that more water 

molecules are located at the CC interface than in the matrix. Comparing Figures 3c and 3d, it 

is found that the changes in atom number density of AC, PEG and water molecules are smaller 

at higher 𝑚𝑃𝐸𝐺 (therefore, indicating less moisture sensitivity at high PEG contents). However, 

the strong increase in water molecules density at CC surface indicates that arrangement of water 

molecules around CC surface is governed mainly by the interaction between CC and water 

molecules. 
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Figure 3. (a) Atom number density profiles of CC-AC as function of distance to CC surface 

(𝑑𝐶𝐶); (b) Atom number density profiles of CC-AC-PEG composite at 25% 𝑚𝑃𝐸𝐺 as function 

of distance to CC surface (𝑑𝐶𝐶 ). Red, orange, and cyan dashed lines denote atom number 

density for AC, PEG, and water, respectively. Gradient blue lines ranging from light to dark 

blue overlapping with the lines in their original color correspond to 10 levels of increasing 

moisture content. (c) First peak and matrix flat values of atom number density for AC and water 

as function of moisture content for CC-AC composite. (d) First peak and matrix flat values of 

atom number density for AC, PEG, and water as function of moisture content for CC-AC-PEG 

composite at 25 % 𝑚𝑃𝐸𝐺. 

The swelling in longitudinal direction is two or three orders of magnitude smaller than the 

swelling in transverse direction due to the very high stiffness of CC in longitudinal direction. 

Therefore, only swelling in transverse direction versus moisture content is shown in Figure 4a. 

The swelling curves show two regions: the curves are nonlinear at low moisture content (< 

10%) while the composites swell linearly with increasing moisture content at high moisture 

content. Swelling coefficients are determined as the slope of the linear region of the swelling 

curves. Figure 4b shows that the swelling coefficients monotonically increase slightly with 

𝑚𝑃𝐸𝐺 up to 25%. 
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Figure 4. (a) Swelling strain versus moisture content in transverse direction for composites 

with different PEG ratios; (b) Swelling coefficient, which is the slope of the linear part of the 

swelling curve in Figure 4a, versus PEG ratio. 

 

Figure 5a shows the areal density of interfacial hydrogen bonds (#𝐻𝐵 𝐴−1) between CC and 

AC, CC and PEG, CC and (AC+PEG) for the dry composite as a function of 𝑚𝑃𝐸𝐺. The areal 

density of hydrogen bonds (HBs) between CC and PEG increases with increasing 𝑚𝑃𝐸𝐺, while 

the areal density of HBs between CC and AC decreases. This indicates that HBs between AC 

and CC are broken and replaced by HBs between PEG and CC. The total areal density of HBs 

between CC and (AC+PEG) increases slightly, therefore indicating a slight densification due 

to addition of PEG at the interface. The curves in Figure 5a can be approximated by a linear 

relationship. A linear correlation between the number of HBs between CC and AC, and between 

PEG and water molecules, and the peak values of the atom number is found in Figures S2 in 

appendix A5. This indicates that the hydrogen bond formation between the CC, matrix and 

water molecules plays a major role in the atom distribution and structure of the matrix near the 

CC surface. 

Figure 5b shows the areal density of interfacial hydrogen bonds (#𝐻𝐵 𝐴−1) between CC and 

AC, CC and water, and CC and (AC+water) for the composite without PEG as a function of 

moisture content. The density of HBs between CC and water increases, while the density of 

HBs between CC and AC decreases with increasing moisture content. Two linear regions are 

observed. The first region indicates the filling of the open space between CC and matrix with 

water molecules and the replacement of AC atoms by water molecules. The second region only 

represents the replacement of AC atoms by water molecules. These results are fully consistent 

with our interpretations above based on the density evolutions of the different systems. 
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Figure 5. (a) The areal density of interfacial hydrogen bonds (#𝐻𝐵 𝐴−1) between CC and AC, 

CC and PEG, CC and (AC+PEG) versus PEG ratio for dry composites. (b) The areal density of 

interfacial hydrogen bonds ( #𝐻𝐵 𝐴−1 ) between CC and AC, CC and water, CC and 

(AC+water) versus moisture content for CC-AC composite without PEG. The dashed lines 

show the linear least-squares fit to the data. 

 

Figure 6a shows the areal density of interfacial hydrogen bonds (#𝐻𝐵 𝐴−1) between CC and 

(AC+PEG) versus moisture content for different PEG contents. The HB density decreases with 

increasing moisture content, therefore indicating that HBs between CC and AC, and CC and 

PEG are broken and replaced by HBs between CC and water. All data collapse onto a single 

curve, meaning that water molecules break the same number of HBs between CC and AC, and 

CC and PEG regardless of the PEG ratio. Figures 6b and 6c show the HB density between CC 

and AC, and CC and PEG, respectively, for different PEG ratios. The HB density decreases 

with increasing moisture content. The HB density between CC and AC decreases with 

increasing PEG ratio, while the HB density between CC and PEG increases with increasing 

PEG ratio. Figure 6d shows that the density of HBs between CC and water increases with 

moisture content and all data collapse onto a single curve for different PEG ratios. This result 

indicates that all composites show similar water sorption behavior at CC-matrix interface. This 

further shows that PEG-treatment has almost no effect on the moisture sorption behavior at the 

CC-matrix interface. 

From Figures 6b-c, we can determine the HB densities between CC and AC, and CC and 

PEG that are broken during water sorption (HB density at moisture content 𝑚 is subtracted 

from HB density at dry state). When subtracting this sum of these broken HB densities from 

the total HB density between CC and water in Figure 6d, we obtain the HB density of sorption 

sites on CC that are not occupied in the dry CC-AC-PEG composite but become occupied by 
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water with increasing hydration (red line in Figure 6d). This means that AC and PEG in the dry 

mixture only occupy a relatively small part of the available sorption sites on CC, while water 

can occupy these free sites which are not occupied by PEG and AC. This means that a large 

proportion of the available hydroxyl groups of CC are not occupied by AC and PEG and that 

the hydrogen bond formation between CC and water is mainly determined by the interaction 

between CC and water molecules. This explains why the PEG-treatment does not have an 

impact on the HB density between CC and water. 
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Figure 6. (a) The areal density of interfacial hydrogen bonds (#𝐻𝐵 𝐴−1) between CC and 

matrix (AC+PEG) as a function of the moisture content (𝑚) for different PEG ratios. The 

dashed gray lines show the curves according to Equation 8; (b) The areal density of interfacial 

hydrogen bonds (#𝐻𝐵 𝐴−1) between CC and AC versus moisture content for different PEG 

ratios. The dashed lines show the curves according to Equation 9a; (c) The areal density of 

interfacial hydrogen bonds between CC and PEG versus moisture content for different PEG 

ratios. The dashed lines show the curves according to Equation 9b. (d) Density of HBs between 

CC and water as function of moisture content for different PEG ratios. The black dashed line is 

the curve according to Equation 10. The red line represents the HB density of sorption sites on 

CC that are not occupied in the dry CC-AC-PEG composite but becomes occupied by water 

molecules with increasing moisture content. 

3.2. Pullout simulation 

The shear stress curves versus displacement show a clear stick-slip pattern for the dry 

composites in Figures 7a-b (orange curves for 0% 𝑚𝑃𝐸𝐺 and red for 25% 𝑚𝑃𝐸𝐺). In the stick 

phase, the shear stress rapidly increases over a small displacement. When the shear stress 

exceeds the maximum shear stress or shear strength, the CC slips and the shear stress drops 

rapidly with increasing displacement. The areal density of hydrogen bonds between CC and 

AC and between CC and AC+25%PEG mixture exhibits a similar stick-slip pattern in Figures 

7c-d, respectively. This result indicates a strong correlation between shear stress and HB 

density. The peaks in HB density are located at the same displacement as peaks in shear stress. 

This indicates that the shear stress and shear strength are strongly governed by the interfacial 

hydrogen bond networks between CC and the matrix. 
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Figure 7. (a) Shear stress as a function of displacement for CC-AC composite without PEG; 

The light orange and blue curve correspond to moisture content of 0 and 0.3, respectively. (b) 

Shear stress as a function of displacement for composite with 25% PEG. The red and blue 

curves correspond to moisture contents of 0 and 0.24, respectively. The gray shaded region 

denotes the first cycle which is ignored when the peak values are extracted. The arrows point 

at the peak position of the maximum shear force. (c) Areal density of hydrogen bonds between 

CC and the matrix during the pulling out CC-AC composite without PEG; (d) Areal density of 

hydrogen bonds between CC and the matrix during the pulling out of CC-AC-PEG composite 

with 25% PEG. 

 

Figure 8a shows a surface plot of the shear strength, defined as the mean peak shear stress 

𝜏𝑚𝑎𝑥 as a function of moisture content and PEG ratio. The areal density of hydrogen bonds 

between CC and (AC+PEG) is shown in Figure 8b. Comparison of Figures 8a and 8b indicates 

a strong correlation between the shear strength and HB density over the full range of PEG ratio 

and moisture content. In the dry state, i.e., along the 𝑚𝑃𝐸𝐺 axis, the shear strength increases 

slightly with the PEG ratio for 𝑚𝑃𝐸𝐺 smaller than 20%. The increase in shear strength is around 

10% compared with the value for the dry composite without PEG. This increase in shear 

strength can be attributed to the increase in total HB density with increasing PEG ratio (see 

Figure 5). The latter increase is caused by the densification at CC surface as indicated by the 

increase in the total atom number density at the interface between CC and matrix (see Figure 
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3). A small increase in shear strength can be observed at the moisture content of 3% due to 

water molecules filling the open space between CC and matrix, which leads to more cohesive 

interactions between CC and the matrix [9].  

For moisture contents between 3% and 6% and PEG ratios between 5% to 15%, the shear 

strength increases compared with the value of composite without PEG at the dry state. This 

result indicates an enhancement of the shear strength by PEG treatment. The highest shear 

strength is found around 10% PEG ratio and 3% moisture content. At moisture contents above 

6%, the shear strength decreases due to the breakage of the hydrogen bonds between CC and 

matrix. For the dry composite, the lowest shear strength is found at around 25% PEG ratio, 

while the total HB density does not show this decrease. Figure S3b in appendix A6 shows a 

local maximum of the HB density between CC and PEG at the same location, while Figure S3a 

shows a local minimum in HB density between CC and AC. The sum of the HB densities 

between (1) CC and AC and (2) CC and PEG remains however, constant. This observation 

implies that the shear stress provided per hydrogen bond is lower between CC and PEG than 

between CC and AC, which aligns with the analysis of the shear strength in Section 4.2.  

 

 

Figure 8. (a) Contour view plot of the maximum shear stress 𝜏𝑚𝑎𝑥 versus moisture content and 

PEG ratio; (b) Contour view plot of the areal density of hydrogen bonds between CC and 

(AC+PEG) versus moisture content and PEG ratio.  

 

Figure 9a shows the relation between shear strength (maximum shear stress 𝜏𝑚𝑎𝑥) and the 

areal density of interfacial hydrogen bonds between CC and AC for the composite without PEG 

for different moisture contents. At moisture contents lower than 9%, the shear strength is 

maximal and shows a plateau value 𝑝𝑙𝑎𝑡𝑒𝑎𝑢. In [9], we found that the shear strength equals the 

shear strength of the matrix, which indicates that the value is limited by the shear strength of 

the matrix although the shear strength between CC and matrix interface may be higher. With 

increasing moisture content, the shear strength 𝜏𝑚𝑎𝑥  reduces since the HB density between CC 
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and AC decreases due to the breakage of hydrogen bonds between CC and AC, and the 

replacement by hydrogen bonds between CC and water. 

Figure 9b shows the results of shear stress 𝑚𝑎𝑥  versus the areal density of interfacial 

hydrogen bonds between CC and (AC+PEG) for all composites. The rather high scatter in the 

measurements of shear strength can be attributed to the variability in hydrogen bonding 

between CC and matrix during pullout. 

 

 

 

Figure 9. (a) Relation between shear strength 𝜏𝑚𝑎𝑥 and the areal density of interfacial hydrogen 

bonds between CC and AC for the composite without PEG for moisture contents from 0 to 0.3. 

The gradient blue color of the MD data points indicates the different moisture contents with the 

highest moisture content in dark blue. The black dashed line represents Equation 11; (b) 

Relation between shear strength 𝜏𝑚𝑎𝑥  and the areal density of interfacial hydrogen bonds 

between CC and (AC+PEG) for different PEG ratios. The dashed lines present Equation 12 of 

the shear strength model. 

 

4. Model for shear strength dependent on HB density 

4.1. Model for density of hydrogen bonds 

Figure 5a shows a linear relation between the density of HBs between CC and AC, CC and 

PEG, and CC and (AC+PEG) versus PEG content for dry composites. The HB density between 

CC and AC, CC and PEG, CC and (AC+PEG) for the dry composite as function of the PEG 

ratio can then be expressed as: 

 

#𝐻𝐵𝐶𝐶&𝐴𝐶  𝐴−1(𝑑𝑟𝑦) = 𝑎𝐴𝐶 − 𝑏𝐴𝐶 ∙ 𝑚𝑃𝐸𝐺 (7𝑎) 
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#𝐻𝐵𝐶𝐶&𝑃𝐸𝐺  𝐴−1(𝑑𝑟𝑦) = 𝑏𝑃𝐸𝐺 ∙ 𝑚𝑃𝐸𝐺  (7𝑏) 

 

#𝐻𝐵𝐶𝐶&(𝐴𝐶+𝑃𝐸𝐺) 𝐴−1(𝑑𝑟𝑦) = 𝑎𝐴𝐶 + (𝑏𝑃𝐸𝐺 − 𝑏𝐴𝐶) ∙ 𝑚𝑃𝐸𝐺  (7𝑐) 

 

where the coefficients 𝑎𝐴𝐶 , 𝑏𝐴𝐶 and 𝑏𝑃𝐸𝐺 are obtained by least-square linear fitting (see Table 

1). Since 𝑏𝑃𝐸𝐺 is slightly larger than 𝑏𝐴𝐶  in Equation 7c, the total density of hydrogen bonds 

between CC and matrix increases slightly when PEG is added. 

The dependence of the density of HBs on moisture content as shown in Figure 6a is 

approximated by an exponential function. The exponential decay of HB density with moisture 

content can be rationalized by considering that the number of HBs depends on the breakage of 

HBS due to water molecules (or the number of HBS depend on the number of adsorbed water 

molecules) and the current number of HBs. The derivation of the exponential relation is given 

in appendix A4. The dependence of density of HBs on PEG ratio (𝑚𝑃𝐸𝐺) and moisture content 

(𝑚) is then expressed as: 

 

#𝐻𝐵𝐶𝐶&(𝐴𝐶+𝑃𝐸𝐺) 𝐴−1(𝑚𝑃𝐸𝐺 , 𝑚) = [𝑎𝐴𝐶 + (𝑏𝑃𝐸𝐺 − 𝑏𝐴𝐶) ∙ 𝑚𝑃𝐸𝐺] ∙ exp(−𝑏𝑀𝐶  ∙  𝑚) (8) 

 

It is worth noting that 𝑏𝑀𝐶 is found to be independent of the PEG ratio showing that water 

molecules break the same number of hydrogen bonds between (1) CC and AC and (2) CC and 

PEG. 𝑏𝑀𝐶 is obtained by fitting Equation 8 to the MD data and its value is listed in Table 1. 

The density of HBs between CC and AC, and CC and PEG then becomes: 

 

#𝐻𝐵𝐶𝐶&𝐴𝐶  𝐴−1(𝑚𝑃𝐸𝐺 , 𝑚) = [𝑎𝐴𝐶 − 𝑏𝐴𝐶 ∙ 𝑚𝑃𝐸𝐺] ∙ exp(−𝑏𝑀𝐶 ∙ 𝑚) (9𝑎) 

 

#𝐻𝐵𝐶𝐶&𝑃𝐸𝐺  𝐴−1(𝑚𝑃𝐸𝐺 , 𝑚) = [𝑏𝑃𝐸𝐺 ∙ 𝑚𝑃𝐸𝐺] ∙ exp(−𝑏𝑀𝐶 ∙ 𝑚) (9𝑏) 

 

Using the obtained values for 𝑎𝐴𝐶 , 𝑏𝐴𝐶, 𝑏𝑃𝐸𝐺 and 𝑏𝑀𝐶, the density of HBs between CC and 

AC, and CC and PEG are plotted in Figures 6b-c. A good agreement is obtained with the MD 

data.  

The HB density between CC and water dependent on moisture content is modeled by a 

normalized exponential function: 

 

#𝐻𝐵𝐶𝐶&𝑊𝑎𝑡𝑒𝑟 𝐴−1(𝑚) = 𝑐𝑀𝐶

[1 − exp(−𝑑𝑀𝐶 ∙ 𝑚)]

[1 − exp(−𝑑𝑀𝐶 ∙ 𝑚𝑚𝑎𝑥)]
 (10) 

 

where 𝑚𝑚𝑎𝑥 is the maximum moisture content equal to 0.3. The values for 𝑐𝑀𝐶 and 𝑑𝑀𝐶 are 

obtained by fitting Equation 10 to the MD data in Figure 6d.  
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4.2. Shear strength model 

Figure 9a shows a linear relation of the shear strength versus HB density until it reaches a 

plateau value 𝑝𝑙𝑎𝑡𝑒𝑎𝑢:  

 

𝜏𝑚𝑎𝑥 = {
𝛼𝐴𝐶 ∙ #𝐻𝐵𝐶𝐶&𝐴𝐶  𝐴−1(𝑚), 𝜏𝑚𝑎𝑥 < 𝜏𝑝𝑙𝑎𝑡𝑒𝑎𝑢

𝜏𝑝𝑙𝑎𝑡𝑒𝑎𝑢, 𝜏𝑚𝑎𝑥 ≥ 𝜏𝑝𝑙𝑎𝑡𝑒𝑎𝑢
 (11) 

 

where #𝐻𝐵𝐶𝐶&𝐴𝐶  𝐴−1(𝑚𝑃𝐸𝐺 , 𝑚) is given by Equation 9a for 𝑚𝑃𝐸𝐺 = 0.  The parameters 𝐴𝐶  

and 𝑝𝑙𝑎𝑡𝑒𝑎𝑢  are obtained by fitting the MD data in Figure 9a. The parameter 𝐴𝐶  can be 

interpreted as the shear strength of a hydrogen bond between CC and AC. 

Analogously, the shear strength 𝑚𝑎𝑥  of CC-AC-PEG composite depends on the HB 

densities between CC and AC, and CC and PEG, or: 

 

𝜏𝑚𝑎𝑥 = {
𝛼𝐴𝐶 ∙ #𝐻𝐵𝐶𝐶&𝐴𝐶  𝐴−1(𝑚𝑃𝐸𝐺 , 𝑚)  +  𝛼𝑃𝐸𝐺 ∙ #𝐻𝐵𝐶𝐶&𝑃𝐸𝐺  𝐴−1(𝑚𝑃𝐸𝐺 , 𝑚), 𝜏𝑚𝑎𝑥 < 𝜏𝑝𝑙𝑎𝑡𝑒𝑎𝑢

𝜏𝑝𝑙𝑎𝑡𝑒𝑎𝑢, 𝜏𝑚𝑎𝑥 ≥ 𝜏𝑝𝑙𝑎𝑡𝑒𝑎𝑢
 (12) 

 

where #𝐻𝐵𝐶𝐶&𝐴𝐶  𝐴−1(𝑚𝑃𝐸𝐺 , 𝑚) and #𝐻𝐵𝐶𝐶&𝑃𝐸𝐺  𝐴−1(𝑚𝑃𝐸𝐺 , 𝑚) are given by Equations 9a 

and 9b, respectively. The only unknown parameter is 𝑃𝐸𝐺 which can be interpreted as the 

shear strength of a hydrogen bond between CC and PEG, is determined by fitting the MD data 

in Figure 9b, showing a reasonable agreement. Note that we assume that the plateau value 

𝑝𝑙𝑎𝑡𝑒𝑎𝑢 does not depend on the PEG ratio, which appears as a justified assumption considering 

the scatter in the MD data. 

We find that 𝑃𝐸𝐺  <  𝐴𝐶 (see Table 1) meaning the shear force per hydrogen bond is lower 

between CC and PEG than between CC and AC. However, as we found in Figure 5a, the total 

HB density increases with PEG ratio at dry state as shown in Figure 5a. This means that the 

higher HB density between CC and PEG partly compensates for the lower shear force per 

hydrogen bond between CC and PEG. As a result, the shear strength versus total HB density in 

Figure 9b show similar curves, i.e. showing a plateau at the low moisture content region and 

linearly decreasing relation with increasing moisture content. Figure 10 shows the separate 

contribution of the hydrogen bonds between CC and AC, and CC and PEG to the shear strength 

for different PEG ratios. Because the PEG ratio is overall lower than the AC mass ratio, the 

contribution of hydrogen bonds between CC and PEG to the shear strength remains a small 

portion compared to the contribution of hydrogen bonds between CC and AC. When the PEG 

ratio increases, the contribution of hydrogen bonds between CC and AC reduces, while the 

contribution of hydrogen bonds between CC and PEG increases.  
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Figure 10. Shear strength contribution from hydrogen bonds between CC and AC, and 

hydrogen bonds between CC and PEG as determined by the shear strength model. 

 

Table 1. The parameters for hydrogen bond model and shear strength model. 

 HB model Shear strength model 

Parameters 
𝑎𝐴𝐶  

(nm-2) 

𝑏𝐴𝐶  

(nm-2) 

𝑏𝑃𝐸𝐺 

(nm-2) 
𝑏𝑀𝐶  

𝑐𝑀𝐶  

(nm-2) 
𝑑𝑀𝐶  

𝛼𝐴𝐶  

(nN) 

𝛼𝑃𝐸𝐺  

(nN) 

𝜏𝑝𝑙𝑎𝑡𝑒𝑎𝑢 

(GPa) 

Values 1.87 2.48 2.54 2.57 4.2 5 0.096 0.052 0.145 

 

 

Figure 11 compares the shear strength obtained from the shear strength model with MD shear 

strength data for different PEG ratios. The slope of the linear regression lines for all PEG ratios 

is very close to 1. Exception is the one for 25% PEG ratio, which has a value of 0.91. Remark 

that in Figure 8a we found a local minimum in shear strength at this location, which is neglected 

by the shear strength model proposed above. The shear strength model could be improved to 

consider this local effect. Figures 11a-g show that the shear strength data from the model fall 

into the 95% prediction interval. Figure 11h shows 74 out of 77 data points fall into the 95% 

prediction interval. These results of linear regression confirm the good agreement between 

model and MD data for all composites. 
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Figure 11. Shear strength obtained from shear strength model versus MD shear strength data 

for different PEG ratios: (a) 0%; (b) 5%; (c) 10%; (d) 15%; (e) 20%; (f) 25%; (g) 30%; (h) all 

PEG mixtures. The light blue shaded region depicts the 95% prediction interval. 

 

5. Discussion 

We remark that the shear strength provided by single hydrogen bond between CC and AC, 

and CC and PEG as determined in this study may depend on multiple factors, such as the 

specific force field utilized and simulation settings like pulling speed. The lower shear strength 

per hydrogen bond between CC and PEG than that between CC and AC might be dependent on 

parameters like charge assignment of the OPLS-AA force field. However, 𝐴𝐶  determined in 

this work, ~96 pN, agrees well with the estimated force rendered by single hydrogen bond 

between CC and galactoglucomannan matrix, ~140 pN, in our previous study with GROMOS 
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53a6 force field [9]. Although specific values may vary depending on the force field used, the 

conclusion that the force rendered by single hydrogen bond between CC and PEG is in the same 

order as that of CC and AC is believed to be general considering the good agreement between 

our current and previous studies. 

Since it is difficult to realize the realistic structure of wood cell wall S2 layer of 

archaeological wood with highly degraded chemical structures in MD simulation, the 

observations in this study only apply to the simplified wood model used. Nevertheless, several 

important findings obtained with this simplified model still can provide insights to the 

understanding of the effect of PEG-treatment on fiber-reinforced composites. First, PEG-

treatment does not have a significant impact on the hydrogen bond network at the interface 

between CC and matrix and thus also not on the shear strength. With increasing moisture 

content, the hydrogen bonds between (1) CC and AC and (2) CC and PEG are broken by water 

molecules leading to a decrease in shear strength. The number of hydrogen bonds broken 

between CC and matrix (AC+PEG) is nearly independent on PEG ratio and mainly determined 

by the moisture content. This means that a PEG treatment of AC has no negative effect on the 

shear strength. On the other side, we found in another study [31] that PEG reduces the moisture 

content at low relative humidity. Since the shear strength depends on the moisture content, the 

shear strength at low relative humidity (RH) will be less deteriorated by hydration. On the 

contrary, PEG treatment increases the moisture content at high relative humidity, leading to a 

deterioration of the shear strength and other mechanical properties. This means that PEG treated 

AC should be kept at low RH, as is done for archaeological wood in museums.  

Second, the shear strength model proposed clearly shows that shear strength directly 

correlates with the number of interfacial hydrogen bonds and their strength. Third, at certain 

PEG ratio and low moisture content within a limited range due to the replacement of AC by 

PEG molecules, PEG-treatment can increase the hydrogen bond number between CC and 

matrix, which leads to slight enhancement of the shear force at the fiber-matrix interface. 

6. Conclusions 

This work characterizes the nanostructure and moisture-dependent interfacial mechanical 

properties of PEG-treated cellulose composites, consisting of a crystalline cellulose (CC) fiber 

and amorphous cellulose (AC) matrix using molecular dynamics simulations. It is found that 

the CC enriches the distribution of AC, PEG, and water molecules around the fiber-matrix 

interface. With increasing PEG ratios, PEG replaces AC around CC and forms a mixture with 

the AC matrix. With increasing moisture content, water molecules are found not only to be 

adsorbed by the AC matrix but also to fill the space between CC and matrix – therefore, 

influencing the interfacial mechanical properties. The shear stress versus displacement of CC 
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versus matrix manifests a stick-slip behavior during pullout. The hydrogen bond density 

between CC and matrix closely follows the stick-slip curve implying a strong correlation 

between shear stress and hydrogen bond network at the interface. The highest value of the 

maximum shear stress or shear strength appears at 3%-6% moisture content, which shows a 

slight enhancement of the interfacial mechanical property by cohesive forces exerted by the 

water molecules. A shear strength model based on the assumption that the shear stress results 

from the hydrogen bonds between the fiber and the matrix is developed and validated. It is 

found that PEG treated CC-AC composite maintains it shear strength and does not deteriorate 

the dependence of the shear strength on moisture content. The model reveals that the shear 

strength provided by per hydrogen bond between CC and PEG is lower than the shear strength 

provided per hydrogen bond between CC and AC. However, this lower value for PEG is partly 

compensated by an increase in the total number of hydrogen bonds between the matrix and CC. 

The competition between the strength and the number of hydrogen bonds results in a slight 

increase in shear stress in a limited range. This study improves the understanding of the 

fundamental mechanisms by which PEG-treatment influences the interfacial mechanical 

properties of the CC-AC composite at the molecular level. The methodology framework can be 

utilized to investigate the effect of PEG-treatment on the mechanical properties of wood S2 

layer composite with realistic components and further on a composite with decayed structure 

in the archeological wood. 
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Appendix A. Supplementary Information 

A.1. The parameters for PEG ratios and moisture contents 

Table S1 The PEG ratio (𝑚𝑃𝐸𝐺) and the moisture content (𝑚) of all the composites analyzed. 

 𝑚𝑃𝐸𝐺 (%) 

 0  5  10  15  20  25  30  

𝑚
 (

%
) 

dry dry dry dry dry dry dry 

3.0  2.9  2.7  2.6  2.5  2.4  2.3  

6.0  5.7  5.5  5.2  5.0  4.8  4.6  

9.0  8.6  8.2  7.8  7.5  7.2  6.9  

12.0  11.4  10.9  10.4  10.0  9.6  9.2  

15.0  14.3  13.6  13.0  12.5  12.0  11.5  

18.0  17.1  16.4  15.7  15.0  14.4  13.8  

21.0  20.0  19.1  18.3  17.5  16.8  16.2  

24.0  22.8  21.8  20.9  20.0  19.2  18.5  

27.0  25.7  24.5  23.5  22.5  21.6  20.8  

30.0  28.6  27.3  26.1  25.0  24.0  23.1  

 

 

A.2. Density prediction by rule of mixture (RoM) 

The volume of each component can be determined from their mass and density: 

𝑉𝐶𝐶 =
𝑚𝑎𝑠𝑠𝐶𝐶

𝜌𝐶𝐶
 (𝑆1𝑎) 

𝑉𝐴𝐶 =
𝑚𝑎𝑠𝑠𝐴𝐶

𝜌𝐴𝐶
 (𝑆1𝑏) 

𝑉𝑃𝐸𝐺 =
𝑚𝑎𝑠𝑠𝑃𝐸𝐺

𝜌𝑃𝐸𝐺

(𝑆1𝑐) 

where 𝑚𝑎𝑠𝑠𝐶𝐶 , 𝑚𝑎𝑠𝑠𝐴𝐶 , 𝑚𝑎𝑠𝑠𝑃𝐸𝐺  is the mass of CC, AC, and PEG, respectively, and 𝜌𝐶𝐶, 

𝜌𝐴𝐶  , 𝜌𝑃𝐸𝐺  is the dry density of CC, AC, and PEG respectively. For the CC-AC-PEG 

composites, the 𝑚𝑎𝑠𝑠𝐶𝐶  and 𝑚𝑎𝑠𝑠𝐴𝐶  are constant, while 𝑚𝑎𝑠𝑠𝑃𝐸𝐺  increases proportionally 

with PEG ratio. The density of each component in the composite is obtained from MD: 𝜌𝑐𝑐= 

1.6 g cm-3, 𝜌𝐴𝐶=1.4 g cm-3 and 𝜌𝑃𝐸𝐺=1.1 g cm-3.  

The total volume equals obtained by summing up the volumes of the three components then 

becomes: 

𝑉𝑡𝑜𝑡𝑎𝑙 = 𝑉𝐶𝐶 + 𝑉𝐴𝐶 + 𝑉𝑃𝐸𝐺 (𝑆2) 

 

1. Classical RoM 

Using the by classical Rule of Mixture (RoM), the density of the composite com equals:  
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𝜌𝑐𝑜𝑚 =
𝑉𝐶𝐶

𝑉𝑡𝑜𝑡𝑎𝑙
𝜌𝐶𝐶 +

𝑉𝐴𝐶

𝑉𝑡𝑜𝑡𝑎𝑙
𝜌𝐴𝐶 +

𝑉𝑃𝐸𝐺

𝑉𝑡𝑜𝑡𝑎𝑙
𝜌𝑃𝐸𝐺 (𝑆3) 

Figure 2 shows that the density of the composite calculated by classical RoM (blue dashed line 

and points) underestimates the density of composite at all PEG ratios, except at zero PEG ratio. 

 

2. New RoM 

The volumetric PEG ratio  is defined as: 

𝛽 =
𝑉𝑃𝐸𝐺

𝑉𝐴𝐶

(𝑆4𝑎) 

 

which is related to the PEG mass ratio mPEG as 

𝛽 =
𝑉𝑃𝐸𝐺

𝑉𝐴𝐶
=

𝑚𝑎𝑠𝑠𝑃𝐸𝐺 𝜌𝑃𝐸𝐺⁄  

𝑚𝑎𝑠𝑠𝐴𝐶 𝜌𝐴𝐶⁄
=

𝜌𝐴𝐶

𝜌𝑃𝐸𝐺

𝑚𝑎𝑠𝑠𝑃𝐸𝐺

𝑚𝑎𝑠𝑠𝐴𝐶
=

𝜌𝐴𝐶

𝜌𝑃𝐸𝐺
𝑚𝑃𝐸𝐺 (𝑆4𝑏) 

 

In [31] it was shown that PEG fills the initial porosity of AC gradually at increasing PEG 

ratio. Due to the pore filling of AC by PEG, the current volume of the composite is lower than 

the total volume defined in Equation S2. The difference between total volume and the current 

volume equals the pore volume filled by PEG. The ratio of the volume of PEG, that fills the 

porosity of AC, and AC volume, is then: 

𝛽𝐹𝑖𝑙𝑙 =
𝑉𝑡𝑜𝑡𝑎𝑙 − 𝑉𝑀𝐷

𝑉𝐴𝐶

(𝑆5) 

where 𝑉𝑀𝐷 is the volume of the entire composite at the equilibrium state obtained directly from 

the MD simulation. The ratio 𝛽𝐹𝑖𝑙𝑙 can be interpreted as the part of the initial porosity of AC 

𝜙𝐴𝐶 filled with PEG.  Denoting the current porosity of AC as 𝜙 and assuming that the change 

in porosity depends on the current porosity, the decrease in porosity 𝑑𝜙 related to a change in 

 becomes: 

𝑑𝜙 = −𝑏𝜙𝑑𝛽 (𝑆6) 

Integration on both sides leads to: 

𝜙 = 𝜙𝐴𝐶 exp(−𝑏𝛽) (𝑆7) 

The difference between the initial and current porosity equals:  

𝛽𝐹𝑖𝑙𝑙 = 𝜙𝐴𝐶 − 𝜙𝐴𝐶 exp(−𝑏𝛽) (𝑆8) 

The initial porosity 𝜙𝐴𝐶  of AC equals 0.05. The decay parameter 𝑏  is obtained by fitting 

Equation S8 to data in Figure S1 showing 𝛽𝐹𝑖𝑙𝑙 versus . The parameters b equals 7. 

The remaining volume of PEG that does not fill the porosity of AC by PEG equals: 

𝑉𝑃𝐸𝐺
∗ = (𝛽 − 𝛽𝐹𝑖𝑙𝑙)𝑉𝐴𝐶  (𝑆9) 

The total volume of the composite is then: 
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𝑉𝑡𝑜𝑡𝑎𝑙
∗ = 𝑉𝐶𝐶 + 𝑉𝐴𝐶 + 𝑉𝑃𝐸𝐺

∗ (𝑆10) 

The density predicted by the new RoM taking into account pore filling by PEG then is: 

𝜌𝑐𝑜𝑚
∗ =

𝑉𝐶𝐶

𝑉𝑡𝑜𝑡𝑎𝑙
∗ 𝜌𝐶𝐶 +

𝑉𝐴𝐶

𝑉𝑡𝑜𝑡𝑎𝑙
∗ 𝜌𝐴𝐶 +

𝑉𝑃𝐸𝐺

𝑉𝑡𝑜𝑡𝑎𝑙
∗ 𝜌𝑃𝐸𝐺 (𝑆11) 

Figure 2 shows a good agreement between the predicted density by the new RoM (the black 

dashed line and points) and the measured values from MD simulations.  

 

 

Figure S1. Volume ratio of PEG filling the porosity of AC versus PEG volume ratio. The solid 

curve shows the model prediction by Equation S8. Figure to be updated. 

A.3. Stokes-Einstein radius of PEG 

The Stokes-Einstein equation reads: 

𝐷 =
𝑘𝐵𝑇

6𝜋𝜂𝑟𝑠

(𝑆12) 

where 𝑘𝐵  is Boltzmann's constant, 𝑇  the temperature, 𝐷  the diffusion coefficient, 𝜂  the 

viscosity and rs the Stokes-Einstein radius of the molecule. Rearranging the equation, the radius 

becomes: 

𝑟𝑠 =
𝑘𝐵𝑇

6𝜋𝜂𝐷
(𝑆13) 

The viscosity and self-diffusion coefficients of PEG200 molecule are determined in previous 

experimental studies at 300 K: 𝜂 = 52.3 mPa∙s and 𝐷 = 0.27 ×  10−10 m2/s [32]. The Stokes-

Einstein radius of PEG200 is then 1.56 Å. 
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Using the viscosity of water at 20 °C equal to 1.0019 mPa∙s [33], and the self-diffusion 

coefficient of water at 25 °C 2.299 · 10−9 m2·s-1 [34], the Stokes-Einstein radius of water 

molecule is equal to 0.955 Å. 

 

A.4. Exponential decay of the number of hydrogen bond with moisture content 

Figure 6a shows that the density of hydrogen bonds between CC and matrix decreases with 

increasing moisture content, but that the HB density is independent of the PEG ratio. The 

decrease in number of hydrogen bonds is related to the breakage of hydrogen bonds by water 

molecules. The number of HBs depends on the number of adsorbed water molecules 𝑁𝑊, or, 

#𝐻𝐵(𝑁𝑊). When the number of adsorbed water molecules changes by 𝑑𝑁𝑊, we can write: 

#𝐻𝐵(𝑁𝑊 + 𝑑𝑁𝑊) = #𝐻𝐵(𝑁𝑊) − 𝑏𝑁𝑊
∙ #𝐻𝐵(𝑁𝑊) ∙ 𝑑𝑁𝑊 (S14) 

number also the equations below 

where 𝑏𝑁𝑊
  is the exponential decay constant describing the rate of HB breaking per water 

molecule adsorbed. The equation can be rearranged to: 

𝑑#𝐻𝐵(𝑁𝑊) #𝐻𝐵(𝑁𝑊)⁄ = −𝑏𝑁𝑊
∙ 𝑑𝑁𝑊  

And solved by integration: 

#𝐻𝐵(𝑁𝑊) = #𝐻𝐵(𝑑𝑟𝑦) ∗ exp(−𝑏𝑁𝑊
∙ 𝑁𝑊) 

where #𝐻𝐵(𝑑𝑟𝑦) is the number of hydrogen bonds between CC and matrix at the dry state, i.e., 

#𝐻𝐵(𝑑𝑟𝑦) = #𝐻𝐵(𝑁𝑊 = 0). 

Considering that the moisture content is proportional to 𝑁𝑊, and the hydrogen bond number 

can be normalized by the contact surface area of CC and matrix, we find that  

#𝐻𝐵𝐶𝐶&(𝐴𝐶+𝑃𝐸𝐺) 𝐴−1(𝑚𝑃𝐸𝐺 , 𝑚)~ exp(−𝑏𝑀𝐶 ∙ 𝑚) 

which justifies the use of an exponential function in Equation 8. 

 

A.5. Correlation between atom number density peak and hydrogen bond numbers 

The relation shows the peak values of the atom number density of the matrix atoms are 

linearly correlated with the hydrogen bond numbers between the CC and matrix atoms, which 

demonstrates that the atom distribution and structure of the matrix near the CC surface are 

determined by the hydrogen bonds between CC and matrix. The peak position of the AC atoms, 

PEG atoms, and water atoms in Figure S2a and Figure S2b are mainly determined by the 

hydrogen bond formation of matrix atoms with CC. 

 



30 

 

 

Figure S2. Peak in atom number density 𝜌𝑁
𝑝𝑒𝑎𝑘

 versus areal density of interfacial hydrogen 

bonds #𝐻𝐵 𝐴−1 (a) 𝜌𝑁
𝑝𝑒𝑎𝑘

 of AC and water atoms versus HB density between CC and AC, and 

CC and water from Figure 3a for the composite without PEG. (b) 𝜌𝑁
𝑝𝑒𝑎𝑘

 of AC, PEG, and water 

atoms versus HB density between CC and AC, CC and PEG, CC and water for the composite 

of 30% 𝑚𝑃𝐸𝐺. (c) 𝜌𝑁
𝑝𝑒𝑎𝑘

 water atoms versus HB density between CC and water for different 

PEG ratios. 

 

A.6. Hydrogen bond numbers at the CC-matrix interface 

 

 

Figure S3. The two-dimensional contour view of the areal density of interfacial hydrogen 

bonds (a) between CC and AC and (b) between CC and PEG for all PEG ratios and moisture 

contents. 
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