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Abstract 
 

Cellulose nanocrystals, one of the most abundant materials in nature, have attracted great 

attention in the biomedical community due to qualities such as supreme mechanical 

properties, biodegradability, biocompatibility and low density. In this research, we are 

interested in developing a bio-inspired material-by-design approach for cellulose-based 

composites with tailored interfaces and programmed microstructures that could provide 

an outstanding strength-to-weight ratio. After a preliminary study on some of the existing 

biomaterials, we have focused our research on studying the nanostructure and 

nanomechanics of the bamboo fiber, a cellulose-based biocomposite, designed by nature 

with remarkable strength-to-weight ratio (higher than steel and concrete). We have 

utilized atomistic simulations to investigate the mechanical properties and mechanisms of 

interactions between cellulose nanofibrils and the bamboo fiber matrix which is an 

intertwined hemicellulose and lignin called lignin-carbohydrate complex (LCC). Our 

results suggest that the molecular origin of the rigidity of bamboo fibers comes from the 

carbon-carbon or carbon-oxygen covalent bonds in the main chain of cellulose. In the 

matrix of bamboo fiber, hemicellulose exhibits larger elastic modulus and glass transition 

temperature than lignin whereas lignin shows greater tendency to adhere to cellulose 

nanofibrils. Consequently, the role of hemicellulose is found to enhance the 

thermodynamic properties and transverse rigidity of the matrix by forming dense 

hydrogen bond networks, and lignin is found to provide the strength of bamboo fibers by 

creating strong van der Waals forces between nanofibrils and the matrix. Our results 

show that the amorphous region of cellulose nanofibrils is the weakest interface in 

bamboo microfibrils. We also found out that water molecules enhance the mechanical 
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properties of lignin (up to 10%) by filling voids in the system and creating hydrogen 

bond bridges between polymer chains. For hemicellulose, however, the effect is always 

regressive due to the destructive effect of water molecules on the hydrogen bond in 

hemicellulose dense structure. Therefore, the porous structure of lignin supports the 

matrix to have higher rigidity in the presence of water molecules.  
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1 Introduction  

Although using synthetic materials such as carbon nanotubes for biomedical applications 

provides an immediate solution for many patients, their long term outcomes are not 

satisfactory. Recently, cellulose nanocrystals (CNCs), one of the most abundant materials 

in nature, have attracted great attention in scientific community. This material not only 

has supreme mechanical properties that can surpass synthetic candidates such as 

functionalized graphene but also is biodegradable and biocompatible with low density. 

These qualities have rendered CNC as a unique material for many applications such as 

biomedical devices. With the increasing need and applications of the cellulose-based 

composite materials in biotechnology, a microscopic understanding of the mechanisms of 

molecular interactions and adhesion between layers of biomaterials has become of 

importance.  

Adhesion, a ubiquitous phenomenon that presents in many devices such as micro electro 

mechanical system (MEMS) [1, 2] microelectronic devices [3 - 5] and biomedical 

devices [6], is the state in which two surfaces are held together by interfacial forces 

which may consist of valence forces or interlocking forces or both (ASTM, 1970). Strong 

adhesion between layers of biomaterials plays a significant role in providing high 

toughness and strength in the biomedical devices. Having high strength-to-weight ratio 

that would warranty the ability of the composite to withstand physiological loadings 

without exhibiting brittle fractures is an imperative key factor in designing medical 

devices such as drug delivery and synthetic orthopedic materials.    

Most drug delivery devices are built from hard materials such as stainless steel because of 

its mechanical strength [7]. Since phenomena like corrosion result in the undesirable 

release of transition metal ions, devices need to be coated with an inert and biocompatible 
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material. The reliability and robustness of this device depend on the adhesion between the 

layers of the device because if they don’t attach together, corrosion occurs and release of 

ions may lead not only to mechanical failure of implant but also to local pain and 

swelling in the near implant region. Moreover, the presence of metal ions in the organism 

causes the histopathological changes in detoxication organs (liver, kidney, spleen) and 

even induction of tumors [8].  

Current clinically used synthetic orthopedic materials tend to consist of single bioinert 

metals, ceramics or polymers, or of a relatively coarse combination of these components. 

Researchers in this field are interested in the design of synthetic composite bone 

substitutes with well-defined structural integration of organic and inorganic components 

that recapitulate the integration of organic and inorganic building blocks of the natural 

extracellular matrix of bone. In these biomaterials, if the interaction between the matrix 

and filler is not sufficient, undesirable agglomeration of filler particles may lead to phase 

separation. Under mechanical loads, weak interfaces decreases strain at failure and could 

be the place where crack initiates. This could result in low Tg, strength and fracture 

toughness of the material.  

In spite of the importance of interfacial interaction between materials in composites, 

well-established design methodologies to optimize engineering of composite polymers 

are not available. Here, we are interested in the biomimetic design of cellulose-based 

composite polymers for biomedical devices with outstanding strength-to-weight ratio. 

Therefore, in an effort to establish a material-by-design approach for biomaterials with 

tailored interfaces and programmed microstructures, we have investigated the structure of 
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the bamboo fiber, a biocomposite material designed by nature with remarkable strength-

to-weight ratio.  

1.1 Outline 

In this research, in an effort to the biomimetic design of cellulose-based composite 

polymers for biomedical devices with outstanding strength-to-weight ratio, we 

investigated the mechanical properties and mechanisms of interactions between cellulose 

nanofibrils and the bamboo fiber matrix which is an intertwined hemicellulose and lignin 

called lignin-carbohydrate complex. With this aim, in chapter 2, different methods which 

are used in this research are presented. In chapter 3, we present a comprehensive review 

on bamboo structure and mechanical properties. In chapter 4, we have conducted a 

preliminary study on the adhesion energies between Drug Eluting Stent layers and 

orthopedic hydrogel-hydroxyapatite materials, using a combination of the AFM 

experiment, contact theory and atomistic simulation. In chapter 5, in an attempt to reveal 

the underlying mechanisms of molecular interactions in bamboo fibers, we have utilized 

atomistic simulations to investigate the mechanical properties and adhesion between the 

bamboo fiber constituents. In the chapter 6, we present the conclusion.   
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2 Theory  

2.1 Molecular Dynamics Simulation 

Molecular Dynamics simulation is a computer numerical technique, in which the classical 

Newtonian equations of motion are solved for a system of atoms given by,    

𝒇𝒊 = 𝒎𝒊𝒓̈𝒊                                                                                                                          (1) 

For this purpose we need to be able to calculate the forces 𝑓𝑖  acting on the atoms, and 

they are usually derived from a potential energy U(r) in Equation (2), where r is a 

displacement vector from the reference atom, i, with a mass mi, to all the other 

surrounding atoms.  

𝒇𝒊 = −
𝝏𝑼

𝝏𝒓𝒊
                                                                                                                       (2) 

The key to the MD simulation is to define a realistic potential energy that can predict the 

materials behavior correctly. The potential energy comprises three parts, bonded, non-

bonded and cross-term energies: 

𝑼(𝒓) =  𝑼𝑩𝒐𝒏𝒅𝒆𝒅  + 𝑼𝑪𝒓𝒐𝒔𝒔−𝑻𝒆𝒓𝒎 + 𝑼𝑵𝒐𝒏−𝑩𝒐𝒏𝒅𝒆𝒅                                                         (3) 

Bonded energies correspond to those when two or a group of atoms form bonds. This 

term mainly includes stretch, angle and dihedral angle (Torsion angle) energies as they 

appear in the Equation (4), respectively. Figure 1 shows three measures of spatial 

configuration in bonded energy.   

𝑼𝑩𝒐𝒏𝒅𝒆𝒅 = 𝑼𝑺𝒕𝒓𝒆𝒕𝒄𝒉 + 𝑼𝑨𝒏𝒈𝒍𝒆 + 𝑼𝑻𝒐𝒓𝒔𝒊𝒐𝒏                                                                        (4) 

The cross-term accounts for the energy changes induced by the change in the bond length 

and the angle changes in the surrounding atoms, as illustrated in the following equation: 

𝑼𝒄𝒓𝒐𝒔𝒔−𝒕𝒆𝒓𝒎  =  𝑼𝒃𝒐𝒏𝒅−𝒃𝒐𝒏𝒅 +  𝑼𝒂𝒏𝒈𝒍𝒆−𝒂𝒏𝒈𝒍𝒆 +  𝑼𝒃𝒐𝒏𝒅−𝒂𝒏𝒈𝒍𝒆 +  𝑼𝒆𝒏𝒅𝒃𝒐𝒏𝒅−𝒕𝒐𝒓𝒔𝒊𝒐𝒏 +

 𝑼𝒎𝒊𝒅𝒅𝒍𝒆𝒃𝒐𝒏𝒅−𝒕𝒐𝒓𝒔𝒊𝒐𝒏 + 𝑼𝒂𝒏𝒈𝒍𝒆−𝒕𝒐𝒓𝒔𝒊𝒐𝒏 + 𝑼𝒂𝒏𝒈𝒍𝒆−𝒂𝒏𝒈𝒍𝒆−𝒕𝒐𝒓𝒔𝒊𝒐𝒏                                                                      (5) 
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Figure 1. Three basic measures of spatial configuration of interacting particles used in functional forms to 

describe interactions. Distance is defined between two particles, angle between three and dihedral (torsion) 

angle between four. 

The non-bonded energies mainly correspond to those interactions between atoms due to 

van der Waals (Figure 2), electrostatic and hydrogen bonds. Van der Waals energies are 

given by a Lennard-Jones potential shown in Equation (6) and electrostatic energies are 
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due to Columbic potential shown in Equation (7).  Hydrogen bonds are natural 

consequences of these two potentials.   

𝑼𝑳𝑱 = ∑ 𝜺[𝟐(
𝑹𝒎𝒊𝒏

𝒓𝒊𝒋
)𝟏𝟐 − 𝟑(

𝑹𝒎𝒊𝒏

𝒓𝒊𝒋
)𝟔]𝒊>𝒋                                                                        (6) 

𝑼𝑪𝒐𝒍 = ∑
𝑪𝒒𝒊𝒒𝒋

𝝐𝒓𝒊𝒋
𝒊>𝒋                                                                                                           (7) 

where ε is equilibrium well depth, Rmin Equilibrium distance, C = 332.0647  (kcal/mol)Å, 

ϵ is Relative dielectric and 𝑞𝑖, 𝑞𝑗 being charges on atoms i and j. 

 

Figure 2. Lennard-Jones potential energy. This energy includes repulsive and attraction part presented by 

positive and negative terms of correlation, respectively. 

In this project condensed-phased optimized molecular potential COMPASS (cff91 ver. 

2.6 [9]) was chosen as a proper force field for defining the potential energy in atomistic 

simulations. This force field is one of the first ab-initio based force field that can capture 

the structural, thermal and mechanical properties of different types of materials such as 

carbohydrates [10-13]. In COMPASS, the non-bonded energies include van der Waals 

and electrostatic energies, with hydrogen bonds being a natural consequence of 

electrostatic energies. It is well parameterized for non-bonded interactions, which makes 

it a good fit for long-chain molecules like biomaterials or polymers and other systems 
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where the van der Waals interaction is the governing interaction. The COMPASS force 

field uses the following expressions for various components of the potential energy: 

𝑼𝑺𝒕𝒓𝒆𝒕𝒄𝒉 =  ∑ 𝑲𝟐(𝒃 − 𝒃𝟎)𝟐 + 𝑲𝟑(𝒃 − 𝒃𝟎)𝟑 + 𝑲𝟒(𝒃 − 𝒃𝟎)𝟒
𝒃                                                     (8) 

𝑼𝑨𝒏𝒈𝒍𝒆 =  ∑ 𝑯𝟐 (𝜽 − 𝜽𝟎 )𝟐 + 𝑯𝟑(𝜽 − 𝜽𝟎)𝟑 + 𝑯𝟒(𝜽 − 𝜽𝟎 )𝟒 𝒃                                                   (9) 

𝑼𝑻𝒐𝒓𝒔𝒊𝒐𝒏 = ∑ {𝑽𝟏 [𝟏 − 𝒄𝒐𝒔 (𝝋 − 𝝋𝟏)] + 𝑽𝟐  [𝟏 − 𝒄𝒐𝒔 (𝝋 − 𝝋𝟐)] + 𝑽𝟑 [𝟏 − 𝒄𝒐 𝒔 (𝝋 − 𝝋𝟑)]}𝝋       (10) 

𝑼𝒐𝒖𝒕−𝒑𝒍𝒂𝒏𝒆 = ∑ 𝑲𝒊𝝌𝟐
𝒊                                                                                                                  (11) 

𝑼𝒃𝒐𝒏𝒅−𝒃𝒐𝒏𝒅 = ∑ ∑ 𝑭𝒃𝒃′(𝒃 − 𝒃𝟎)(𝒃′ − 𝒃𝟎
′ )𝒃′𝒃                                                                            (12) 

𝑼𝒂𝒏𝒈𝒍𝒆−𝒂𝒏𝒈𝒍𝒆 = ∑ ∑ 𝑭𝜽𝜽′  (𝜽 − 𝜽𝟎)(𝜽′ − 𝜽𝟎
′ )𝜽′𝜽                                                                         (13) 

𝑼𝒃𝒐𝒏𝒅−𝒂𝒏𝒈𝒍𝒆 = ∑ ∑ 𝑭 𝒃𝜽 (𝒃 − 𝒃𝟎)(𝜽 − 𝜽𝟎
 )𝜽𝒃                                                                            (14) 

𝑼𝒆𝒏𝒅𝒃𝒐𝒏𝒅−𝒕𝒐𝒓𝒔𝒊𝒐𝒏 = ∑ ∑ 𝑭𝒃𝝋(𝒃 − 𝒃𝟎)[𝑽𝟏𝒄𝒐𝒔(𝝋) + 𝑽𝟐𝒄𝒐𝒔(𝟐𝝋) + 𝑽𝟑𝒄𝒐𝒔(𝟑𝝋)]𝝋𝒃                (15)      

𝑼𝒎𝒊𝒅𝒅𝒍𝒆𝒃𝒐𝒏𝒅−𝒕𝒐𝒓𝒔𝒊𝒐𝒏 = ∑ ∑ 𝑭𝒃′𝝋(𝒃 − 𝝋𝟎)[𝑭𝟏 𝐜𝐨𝐬(𝝋) + 𝑭𝟐 𝐜𝐨𝐬(𝟐𝝋) + 𝑭𝟑𝐜𝐨𝐬 (𝟑𝝋)]𝝋𝒃′        (16) 

𝑼𝒂𝒏𝒈𝒍𝒆−𝒕𝒐𝒓𝒔𝒊𝒐𝒏 = ∑ ∑ 𝑭𝜽𝝋(𝜽 − 𝜽𝟎)[𝑽𝟏𝒄𝒐𝒔(𝝋) + 𝑽𝟐𝒄𝒐𝒔(𝟐𝝋) + 𝑽𝟑𝒄𝒐𝒔(𝟑𝝋)]𝝋𝜽                    (17) 

 𝑼𝒂𝒏𝒍𝒆−𝒂𝒏𝒈𝒍𝒆−𝒕𝒐𝒓𝒔𝒊𝒐𝒏 = ∑ ∑ ∑ 𝑲𝝋𝜽𝜽′ 𝒄𝒐𝒔𝝋(𝜽 − 𝜽𝟎)(𝜽′ − 𝜽𝟎
′ )𝜽′𝜽𝝋                                           (18) 

where b, θ, ϕ, and χ are the bond length, bond angle, dihedral torsion angle, and the 

inversion or out-of-plane angle, respectively; q is the atomic charge, ε is the dielectric 

constant; rij = rj − ri is the vector between i and j; b0, Ki (I = 2 to 4), θ0, Hi ( i= 2 – 4), ϕi 

(i=1 – 3), Vi (i=1 – 3), and Fbb’, b0 , Fθθ’, θ0 , Fbθ, 𝑭𝒃𝝋, 𝑭𝒃′𝝋, 𝑭𝜽𝝋 and 𝑲𝝋𝜽𝜽′ are the 

system-dependent parameters implemented in the COMPASS force field. The single-

point change (SPC) model is implemented in COMPASS for modeling the water 

molecules. 
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The molecular dynamics simulation begins with modeling the molecular structure of each 

material. The models are optimized using a Smart algorithm, which is a cascade of the 

steepest descent, adjusted basis set Newton-Raphson (ABNR), and quasi-Newton 

method. To make sure that the system is in a stable condition and to release the artificial 

energy due to artificial cubic structure, a sequence of MD simulations is performed to 

relax the protein structure. The relaxation process initially starts with Canonical ensemble 

(NVT) simulation for 50 ps for 5 x 10
4
 steps at 298 K, followed by 130 ps Isothermal–

isobaric ensemble (NPT) simulation at 310 K and 1 atm. The system cools down to 298 

K at the same pressure in NPT simulation for 50 ps to reach the stability in which the 

density fluctuations near a preset value are negligible. The outcomes of molecular 

dynamics simulation are positions, velocities and forces between atoms. Using these 

results, energies, structures, mechanical and thermodynamic properties of the materials 

can be studied.  

2.1.1 Hydrogen bond energy 

Studies on hydrogen bonds were conducted on the final structures with the following 

criteria: 

1 The maximum distance between the hydrogen and the acceptor atom for which 

hydrogen bonding is possible is 2.5 Å. 

2 The minimum angle between the donor, hydrogen and acceptor atoms in degrees 

for which hydrogen bonding is possible was chosen as 120°. 

For calculating the hydrogen bond energy, we have used a CHARMM-like hydrogen 

bonding potential such as Equation (19), 

𝑬𝒉𝒃 = 𝑫𝒉𝒃[𝟓(
𝑹𝒉𝒃

𝑹𝑫𝑨
)𝟏𝟐 − 𝟔 (

𝑹𝒉𝒃

𝑹𝑫𝑨
)

𝟏𝟎

]𝒄𝒐𝒔𝟒(𝜽𝑫𝑯𝑨)                                                            (19) 
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where θDHA is the bond angle between hydrogen donor (D) and the hydrogen (H) and the 

hydrogen acceptor (A). RDA is the distance between the donor and acceptor. The values of 

Dhb and Rhb were adopted from the literature 

2.1.2 Structure 

To study the nanostructures of these models, a Radial Distribution Function (RDF) was 

used. RDF is a structural characterization parameter of amorphous molecules that 

provides the basic information about short range order and the nature of atomic 

interactions. RDF gives the possibility of finding a particle at a certain distance from the 

reference particle. The observed variations in dihedral conformation and internal 

structural variables are the results of the dynamics of non-bonded interactions like 

hydrogen bonding, electrostatic and van der Waal interactions. Hansen and McDonald 

define the resulting function, g(r), as [14]: 

𝒈(𝒓) =
𝟏

𝝆

𝟏

𝑵
∑ ∑ 𝜹(𝒓 − 𝒓𝒊 + 𝒓𝒋)

𝑵𝜷

𝒊=𝟏
𝑵𝜶
𝒋=𝟏                                                                              (20) 

where N is the total number of atoms, ρ is the overall number density Nα and Nβ  are the 

number of atoms of type α and β, respectively. 

2.1.3 Mechanical Properties 

In order to get the mechanical properties, the periodic structure is expanded along each 

direction to the maximum strain amplitude of 0.01 in 10 steps. In each step the stresses 

were obtained from virial stress expression, Equation (21), which is commonly used to 

relate the computed stress in molecular dynamics to continuum stresses. 

𝝈 = −
𝟏

𝑽𝟎
[(∑ 𝒎𝒊(𝒗𝒊𝒗𝒊

𝑻)𝑵
𝒊=𝟏 ) + (∑ 𝒓𝒊𝒋𝒇𝒊𝒋

𝑻
𝒊<𝒋 )]                                                                 (21) 

where index i runs over all particles 1 through N. mi, vi and fi denote the mass, velocity 

and force acting on particle i, and V0 denotes the (undeformed) system volume. 
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2.1.4 Glass transition temperature 

The glass transition temperature can be obtained from the change in the slope of specific 

volume-temperature curve [15, 16]. To achieve this aim, the temperature of each system s 

increased to 700K and slowly bright down to 100K at the rate of 0.5 K/ps while the 

temperature and pressure are controlled by the Nose thermostat and Berendsen barostat, 

respectively. In 48 random steps, the system is equilibrated with NPT dynamics for 25 ps 

and the results are recorded to create the specific volume-temperature curves.  These 

curves are used to compute the glass transition temperatures of hemicellulose, LCC and 

lignin. 

2.1.5 Adhesion  

To investigate the interaction energies at the interfaces between material A and B, a layer 

of A is placed on B. The B layer is fixed in all directions whereas the A layer is free to 

move during the simulations. The size of the moving layers determines the simulation 

time span, given by the time required for the atoms to travel towards the substrate and to 

reach the steady state. The size of the moving layers determines the simulation time span, 

given by the time required for the atoms to travel towards the substrate and to reach the 

steady state. Hence, the simulation time is regulated by diffusion properties of moving 

layers and can be consequently calculated by using the Strokes-Einstein equation.  This 

equation estimates the diffusion constant of a small particle with a radius of 5 nm to be in 

the order of 10
−10

 m
2
 /s.  Since the average traveling distance of moving layer is about 0.5 

nm, simulation time is estimated to be about 1.2 ns (𝑡 ~
𝑥2

2𝐷
). In this time period, the NVT 

dynamic simulations at 300K with 1 fs time step are performed for three different 

conformations of these materials to minimize the effect of initial conformation on the 

final results. The magnitude of the adhesion energy between two bodies can be 
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determined from the energies needed to overcome the intermolecular forces between two 

surfaces and to create two new surfaces. Surface energy is a parameter that quantifies this 

breaking energy of intermolecular forces that occur when a surface is created.  

Therefore, to quantify the adhesion energy, thermodynamic quantity, work of adhesion, is 

defined from surface energies of the system. The work of adhesion between two different 

materials A and B is the work needed to be done on a unit area of AB to form a unit area 

of two surface of A and B reversibly. This parameter in equilibrium in vacuum can be 

defined as [17, 18]: 

∆𝜸 =  𝜸𝑨 + 𝜸𝑩 − 𝜸𝑨𝑩                                                                                                     (22) 

where ∆𝛾 is the work of adhesion, 𝜸A and 𝜸B are surface energies of the two separate 

phases in equilibrium in vacuum, and 𝜸AB is the interface energy of the two phases in 

contact in equilibrium. 

2.2 Atomic Force Microscopic Experiments 

In the AFM experiments, the tips are coated with the desired material and brought into 

contact with the desired coupon. Figure 3 presents a schematic of a typical force-

displacement curve associated with the AFM adhesion experiments in which contact 

mode of AFM test is used to bring AFM tip to contact with the coupon (Extending curve) 

and pulled off (Retracting curve). In this process, the pull-off forces can be obtained from 

maximum deflection of the tip during the retracting time. It is possible to convert these 

adhesion forces into interfacial adhesion energies, using contact mechanics that consider 

the radii and deformation characteristics of the mating surfaces [6, 19]. 
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Figure 3. Typical force-displacement curve obtained from interaction between polymer and minerals. The 

maximum deflection of the tip is on retracting curve. 

Since the source of adhesion is primarily due to intermolecular forces between two 

surfaces, most of the mechanical adhesion tests provide a largely overestimated work of 

adhesion. The measured work of adhesion is usually orders of magnitude higher than real 

work of adhesion because the mechanical properties of materials get involve in 

measurement and effect on the accurate estimation of the thermodynamic quantity. 

Several possible contact theories are available for calculating the adhesion energies from 

interaction forces obtained from AFM experiment. These theories are discussed in the 

following section.  

2.3 Contact Mechanics Theories 

One of the pioneers in the contact mechanics theory was Hertz who had considered 

geometry effects on local elastic deformation properties in 1880 with the Hertzian Theory 

[20]. In this theory the elastic deformation of bodies incorporated in the surface 

deformation and the surface interactions, such as van der Waals interactions or contact 
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adhesive interactions are neglected (A comprehensive study on the elastic contact of two 

bodies is presented in the Appendix). 

Johnson, Kendall and Roberts (JKR) improved the Hertzian theory by adding the 

adhesive forces to the contact area [21].  The adhesion force (FJKR) between two rigid 

spheres can be expressed as Equation (23). 

𝑭𝑱𝑲𝑹 = −
𝟑

𝟐
𝝅𝑹∗∆𝜸                                                                                                          (23) 

where, R
*
 is the combined reduced radius of the two spheres in contact with the radius of 

R1 and R2, which is calculated as R
*
=R1R2 / (R1+R2). 

JKR theory cannot accurately predict the contact between stiff materials because it is 

only applicable for contact between compliant materials and accounts only for short 

range surface forces. Derjaugin, Mullet and Toporov (DMT) theory is a more involved 

theory in which the van der Waals interactions outside the elastic contact are considered 

[22]. DMT theory calculates the work of adhesion for stiff materials in contact and 

accounts only for long range surface interactions by, 

𝑭𝑫𝑴𝑻 = −𝟐𝝅𝑹∗∆𝜸                                                                                                         (24) 

These two supposedly contrary theories were recognized as the limiting cases of the 

contact problems by Tabor [23]. He pointed out that both models are correct as they are 

just two extreme cases. He showed these two cases by introducing the Tabor’s parameter, 

𝜇, as follows [24]: 

𝝁 = (
𝟏𝟔𝑹 ∆𝜸𝟐

𝟗𝑲𝟐𝒛𝟎
𝟑 )𝟏/𝟑                                                                                                              (25) 

where, z0 is the equilibrium separation of the surfaces and K is the reduced modulus of 

elasticity of the tip and sample given by K =
4

3
(

1−𝜈1
2

𝐸1
+

1−𝜈2
2

𝐸2
)−1. 



  14 

For 𝜇 << 1 DMT theory is applied and for 𝜇 >> 1 JKR theory is valid. To approximate an 

actual interaction potential which is the intermediate situation between JKR and MDT 

(Figure 4), Maugis considers a Dugdale potential to describe attractive forces between 

contacting spheres as MD theory [25-27].    

 

Figure 4. Plot of contact area vs. load for Hertz, JKR, DMT and MD intermediate Theory. The minus 

values show pull-off forces due to adhesion energies which are considers in all models except Hertz [68]. 

In the MD theory the transition parameter, 𝜆 is defined from Tabor’s parameter such that 

𝜆=1.1570 𝜇. The adhesion forces, then, defined from Equation (27). 

𝑭𝑴𝑫 = −𝑭̅𝝅𝑹∗∆𝜸                                                                                                         (26) 

where, 𝐹̅ is defined from 𝜆. For 𝜆 < 0.1, 𝐹̅ is 2 as the DMT model is valid and for 𝜆 > 5, 

𝐹̅ is 
3

2
 as the JKR model is valid (Figure 5). More details on MD theory are presented in 

chapter 4. 
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Figure 5. Diagram of 𝑭̅ vs. 𝜆 determined from the MD solution. Small 𝜆 indicates DMT model is valid and 

large 𝜆 shows JKR model is valid [24]. 

All these theories enable us to calculate the work of adhesion between two surfaces, 

knowing the pull-off forces which can be obtained from the experiments. Among of all 

the tests with which the work of adhesion can be measured [28], AFM experiment 

enables us to calculate the pull-off forces in nanoscale.  

 

 

 

 

 

 

 

 

 

 

 𝐹̅ 
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3 Literature Review 

3.1 Bamboo: Functionally Graded Hieratical Material  

Bamboo is the common term for large grass family that include 1250 species within 75 

types, most of which are relatively fast-growing, attaining stand maturity within five 

years. Dwarf bamboos may be as little as 10 cm in height, but tall species may reach 15 

to 20 m, and the largest known grows up to 40 m in height and 30 cm in culm diameter 

[29, 30]. Some of the bamboo species are considered to be effective structural materials 

for many construction applications such as structural members in low-rise houses, short 

span foot bridges, long span roofs and construction platforms in countries with plentiful 

bamboo resources such as China.  

The structure of Bamboo is a typical example of plants with highly developed 

architectures. It has a hierarchical structure that makes a typical natural functionally 

graded bio-composite [31]. In this structure, there are no tree rings in the culm's cross-

section. Instead, Bamboo comprises three fundamental tissues named epidermis, 

parenchyma tissue and vascular bundles [32].  

The epidermis is the outermost layers of bamboo which protects the internal components 

from invaders. The attractive green color of bamboo culm is due to the chlorophyll of 

epidermis. Smooth surface of the bamboo, also, exists because of silica (SiO2), a wax 

layer, and other substances of epidermis. The silica also facilitates CO2 uptake of plants 

and strengthens the outer epidermis for prevention of external attacks [33, 34]. 

Parenchyma tissue is the non-wood structure of bamboo. The ground parenchyma tissues 

of crop species such as rice and maize have only one type. Bamboo, however, has two 

types of parenchyma cells named short and long parenchyma cells that have differences 

in lignification and the hemicellulose distribution. These differences reflect the 
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differences in function of the two types of parenchyma cells [35]. Parenchyma ground 

tissue forms a matrix in which vascular bundles are placed.  

The vascular bundles mainly consisting of xylem, phloem and fiber caps which is playing 

a decisive role in bamboo physiological growth and biomechanical function. The vascular 

bundle inhomogeneous distribution is dense in the outer region and sparse in the inner 

region [36]. This special dissemination is a perfect structural adaptation towards a high 

bending stiffness and strength of the bamboo culm. The conducting elements (vessels and 

phloem) provide a channel for the transport of water and nutrients. The fibers, which are 

accounting for approximately 40 percent of a culm by volume, primarily carry out the 

function of mechanical support. 

The fibers around the phloem do not have the same thickness. The immature fibers close 

to the vessels and the phloem complete their wall thickening first, whereas those at the 

periphery of the fiber caps are in a transition state. Therefore, a distinct density gradient 

can be observed from the fibers adjacent to the vessels towards the fibers connected to 

the surrounding parenchymatic tissue [37]. The six different fiber wall types could be 

distinguished in the bundle fibers close to phloem that all have mainly hemicellulose-

lignin matrix surrounding the cellulose microfibrils, in their secondary walls. The degree 

of lignification varies remarkably across the fiber wall, with a higher lignin content 

present in the narrow layers [38, 39].  

The development of fiber and parenchyma that occur during internode elongation in the 

temperate bamboo has three stages. The first stage involves cell divisions in both cell 

types. During the second stage, as the elongation of the internode proceeds, parenchyma 
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cells continue to divide whereas fibers begin to elongate. Finally, in the third stage, both 

cell types elongate [40]. 

3.2 Multiscale Structure and Mechanical Properties of Bamboo   

Bamboo resembles a long cylinder, reinforced by strong fibers, with a hollow core that 

reduces its weight. The geometry of bamboo’s longitudinal profile has a macroscopically 

functionally graded structure whose compositions and mechanical properties vary 

continuously from the outer to the inner. The fiber density of sclerenchyma tissues within 

the bamboo is a good indicator of the strength capacity of bamboo. Three-point flexural 

test shows that the elastic modulus in the outer surface region of bamboo culm is higher 

than that in the inner region, which shows the graded distribution of the mechanical 

properties of bamboo [41]. Amada et al. outline the structure and mechanical properties 

of bamboo [42]. The bamboo used in the experimental investigation is a two-year old 

'Mouso' bamboo (Phyllostachys edulis Riv.) 16 ~ 20m in height and a maximum diameter 

of 12 ~ 13cm. Applying a mixture principle to bamboo, the tensile strength and other 

properties of the fiber and the matrix are obtained. The strength in the inner region is 

about 80GPa and increases parabolically with radial distance, reaching its maximum 

value in the outer region. The Tensile strength of the matrix and fiber found to be 50 MPa 

and 610 MPa respectively, While the Young’s modulus for them found to be 2 GPa and 

46 GPa [42]. The tensile tests were also performed on bamboo nodes without any 

additional machining of their surfaces. They obtained 29.4± 4.5 MPa for the strength and 

2.22 ± 0.3GPa for the Young's modulus, which were almost the same at the different 

positions. Finally, it is noted in this paper that bamboo has a smart material with a 

hierarchical structure. Nogata and Takahashi performed tension tests within 48 h after 
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Moso bamboo species was taken from the field, to prevent any change in the mechanical 

properties due to moisture loss [43]. The specimens were taken from nine areas arranged 

from the inner layer to the outer layer. Since the extreme inside specimen was made of 

pure ground tissue, its strength was correspondingly about 25 MPa. Thus, the strength of 

pure fiber was estimated to be about 810MPa which is equivalent to that of steel (600-

1000 MPa). Furthermore, Young's modulus of pure fiber was 55 GPa. This value is about 

one quarter of the value of steel, which is 200 GPa [43]. Dixon and Gibson investigated 

the properties of natural Moso bamboo to further enable the processing and design of 

sustainable structural bamboo products. They found that the sclerenchyma fibers 

dominate axial elasticity [44]. On the nano- and microscales, nanoindentation techniques 

were used by Tan et al. to study the local variations in the Young’s moduli of moso culm 

bamboo cross-sections. These are then incorporated into finite element models in which 

the actual variations in Young’s moduli are used to model the deformation and fracture of 

bamboo during fracture toughness experiments [45]. Bamboo slices were first obtained 

along the longitudinal direction. Then they were separated with equal space in the cross-

section. Finally, dog bone shaped specimens used for tensile experiment were machined 

from these bamboo slices. The nanoindentation results for Young’s moduli distributions 

along the radial direction of the bamboo cross-sections shows that the outer layer with a 

modulus of elasticity of 13.5 GPa is more rigid than the inner layer with 7 GPa. The outer 

layer has a tensile strength of 700 MPa whereas the inner layer’s strength is around 200 

MPa. It is shown in this research that In the case of crack growth in the outside and inside 

crack orientations cellulose bridging fibers are associated with the toughening 

mechanism. Lower cellulose bridging fiber density was observed within the interlaminar 
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cracks in the outside crack orientation. In contrast, the higher cellulose bridge densities in 

the inside crack orientation were associated with strong resistance curve behavior [46]. 

The fiber bridging was also observed by Habibi et al [46]. They used multi-scale 

mechanical characterizations assisted with advanced environmental scanning electron 

microscopy (ESEM) to investigate the asymmetric flexural responses of natural bamboo 

strips under different loading configurations, during elastic bending and fracture failure 

stages, with their respective deformation mechanisms at microstructural level. They 

found fibers’ bridging and crack deflection are also partly responsible for the gradient 

and remarkable flexural strength and toughness of bamboo strips. Hence, as the overall 

volume fraction of fiber decreased (thickness of the strips approached the entire thickness 

of bamboo culm), the contribution of triggered toughening mechanisms, due to the 

presence of fibers, also diminished which resulted in minimizing the flexural strength and 

toughness of bamboo strips. They performed the flexural tests in mode A and B. In the 

mode A the load was exerted on the higher fiber density side and the mode B on the 

lower fiber density side of bending configurations. For Mode A fracture, the crack 

bridging, due to the fibers’ bridging, alongside its resultant fibers’ debonding is the most 

significant toughening mechanism. Accordingly, the layers with very large volume 

fraction of fibers result in very low extent of crack bridging and fibers’ debonding in 

Mode B, because delamination occurred more often. This considerably reduces the 

flexural strength. 

Keogh et al. performed fatigue tests on bamboo culm [47].  Bamboo culm samples 

display fatigue failure when loaded in compression across their diameters, simulating a 

type of deformation which commonly occurs as a result of culm bending. However, they 
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observed no fatigue behavior when samples are loaded in axial compression. Failure in 

the first cycle (i.e. static failure) is associated with a tensile stress of 10.4 MPa on the 

outer surface and 19.1 MPa on the inner surface. High cycle failure at 100,000 cycles 

requires a stress range of 4.5 MPa on the outer surface and 11 MPa on the inner surface. 

The fracture toughness of bamboo culms was studied by Amada et al [48]. A specimen 

with a notch with a thickness of 0.4mm was used for tensile tests to evaluate fracture 

toughness. The average value obtained was 56.8 MPa.m1/2. This value is higher than Al-

Alloys.  

The fracture property of bamboo as a natural composite material depends on where the 

crack initiates. For bamboo, the crack either starts from the matrix region or fiber region. 

In order to elucidate this behavior in bamboo, Amada et al used Equation (27). In this 

condition is satisfied, the material is characterized as first matrix-cracking type.  

𝝈𝒎  < (
𝑬𝒎

𝑬𝒇
) 𝝈𝒇                                                                                                                  (27) 

where, σ_m and σ_f are the strength of matrix and fiber, and E_mand E_f are their 

Young’s modulus, respectively. For bamboo σ_m=50, MPa σ_f=610 MPa, E_f=46 GPa 

and E_m=2 GPa. Using these numbers in the Equation (43), the fracture characteristic of 

bamboo must be first fiber-cracking [27]. This kind of material often has fiber pull-out 

features on its fracture surface. 

Using multi-scale mechanical characterizations coupled with advanced environmental 

electron microscopy (ESEM), Habibi et al. unambiguously showed that fibers’ interfacial 

areas along with parenchyma cells’ boundaries were preferred routes for crack growth in 

both radial and longitudinal directions [47]. The occurrence of interfacial fractures within 

the cellular parenchyma matrix along with honeycomb structure of fibers in both radial 
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and longitudinal directions is mainly responsible for the remarkable fracture toughness of 

bamboo by reducing the overall effective stress intensity factor. 

By performing micro and nanomechanical characterizations on bamboo’s individual 

constituents, they confirmed that fibers are indeed the strongest phase whereas 

parenchyma cells are comparatively weaker [48]. In this research elastic modulus of 

fibers found to be Ef = 22.8 ± 2.8 GPa by Nanoindentation and Ef = 30.1 ± 3.0 GPa by 

micro-tensile testing and the tensile strength of fibers found to be σf = 1000 ± 300 MPa. 

Elastic modulus of parenchyma ground obtained to be Ep = 3.7 ± 0.4 GPa by 

nanoindentation [48].  

3.3 Mechanical Properties of Bamboo Fibers 

Fibers are a fundamental structural component of the bamboo culm as they provide 

mechanical support. To gain better understanding of the principles of mechanical 

optimization in bamboo fibers, a single-fiber tensile test at four different span lengths for 

fibers of the bamboo species was performed by Osorio et al [49]. Table 1 summarizes the 

obtained mechanical properties for different gage lengths. The average strength values of 

800 MPa and Young’s modulus of 43 GPa were obtained. 

Table 1. Tensile mechanical properties for untreated bamboo fibers after mechine compliance at different 

span lengths 

Gage Length Strength 

(MPa) 

Young’s Modulus 

(GPa) 

Strain to Failure 

(%) 

Average Fiber Diameter 

(μm) 

 5 860±119 46±1.2 1.9±0.3 152±29.5 

 10 811±136.5 43±0.9 1.9±0.3 156±35.9 

 25 778±121.9 43±1.4 1.8±0.2 141±22.2 

 40 775±103.3 42±1.1 1.7±0.2 147±30.8 

 

 Rao et al. showed that the quality of bamboo fibers which are extracted mechanically is 

excellent compared to bamboo fibers that are extracted chemically [50]. They found that 



  23 

the mechanically extracted fibers (Bamboo (M)) have less percentage of tensile strain, 

higher tensile strength and higher tensile modulus compare to chemically extracted fibers 

(Bamboo (C)) (Table 2). 

Table 2. Tensile properties of various natural fibers 

Name of the 

Fiber 

Tensile Strain 

(%) 

Average Strength 

(MPa) 

Average 

Modulus (GPa) 

Specific Tensile Strength 

(MPa/kgm
-3

) 

 Vakka 3.46 549 15.85 0.6778 

 Date 2.73 309 11.32 0.3121 

 Bamboo (M) 1.40 459 35.91 0.5527 

 Bamboo (C) 1.73 503 19.67 0.3831 

 Coconut 20.00 500 2.5 0.4348 

 Banana 5.45 600 17.85 0.4444 

 

The strength and elastic modulus of bamboo fibers was reported to be around 610 MPa 

and 46 GPa, respectively [41, 47]. Nogata and Takahashi compared the strength and 

elastic modulus of bamboo fibers with different steel alloys, aluminum alloys and 

ceramics. They showed that the bamboo fiber has a specific elastic modulus and strength 

of 52.3 (GPa.m3/kg) and 770 (MPa.m3/kg) which are much higher than that of steel (25.6 

(GPa.m3/kg) and 102-154 (MPa.m3/kg)), Al alloys (26 (GPa.m3/kg) and 140-550 

(MPa.m3/kg)) and Ceramics (81-100 (GPa.m3/kg) and 43-128 (MPa.m3/kg)), 

respectively [42]. 

Microstructures of bamboo fibers were determined by using scanning electron 

microscope [51]. The results showed the single fibers were longitudinally aligned in the 

flat-wise direction. They were together bonded by hemicelluloses and lignin with 

different bonding levels. Mechanical properties of fiber bundle and their interfacial shear 

strength (IFSS) with typical resins such as unsaturated polyester and polypropylene are 

related to lignin and hemicelluloses content in chemical composition. The experimental 
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results also proved that the IFSS of alkaline treated fibers were better than that of steam-

exploded and untreated fibers. Moisture absorptions of bamboo fibers at 50, 60, 70, 80 

and 90% relative humidity at 200
C
 was also determined. The results showed that the 

difference of moisture content of the alkaline-treated and the steam-exploded fibers was 

much lower than that of the untreated fibers at all relative humidity levels. 

3.4 Chemical Composition of Bamboo Fibers 

The chemical composition of bamboo fiber constitutes mainly cellulose, hemicelluloses 

and lignin. These components are actually same high-glycans, and make about 90% of 

total weight of bamboo fiber. The other constituents are protein, fat, pectin, tannins, 

pigments and ash. These constituents play important role in physiological activity of 

bamboo and they are found in cell cavity or special organelles [52]. The lignin is 

considered to provide stiffness and yellow color to bamboo fibers. Different treatments 

cannot remove all the lignin content of the bamboo fibers, as lignin has been found quite 

resistant to various alkalis. Non cellulosic components have enough contribution to fiber 

properties such as strength, flexibility, moisture, and even density [53]. The 

unidirectional arrangement of bamboo fibers in tissues and cell wall structure of bamboo 

is one of unique property of bamboo. 

Bamboo fiber is different from the other cellulose fibers in morphology, crystalline 

structure and molecular structure. In SEM images, the cross section of the bamboo fiber 

is round with a small lumen and there is no node in the longitudinal surface [54]. Most of 

the bamboo fibers have multilamellate cell walls with various layers. By means of 

viscometry, Yueping et al showed that the bamboo fiber has a small molecular mass and 

degree of polymerization [54]. Wegst et al reported that bamboo cellulose microfibrils 
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imbedded in a lignin–hemicellulose matrix shaped into hollow prismatic cells of varying 

wall thickness [55].  

The percentage of cellulose in bamboo fiber is about 73%, while about 10% lignin and 

about 12% hemicellulose still remain in the fiber [54]. All lingo-cellulosic based natural 

fibers consist of cellulose microfibrils in an amorphous matrix of lignin and 

hemicellulose. These fibers consist of several fibrils which run along the length of the 

fiber. Each fibril exhibits a complex layered structure made up of thin primary wall 

encircling a thicker secondary layer. In the secondary layer, parallel cellulose microfibrils 

are wound helically around the fibrils. The angle between the fiber axis and the 

microfibrils is termed the microfibril angle. Natural fibers themselves are cellulose fiber-

reinforced materials and the microfibril angle and cellulose content determine the 

mechanical behavior of the fiber [56]. The bamboo fiber has a larger moisture regain 

capability than cotton, ramie and flax fibers because of its loose structure and existence 

of disordered non-cellulose substances [57]. 

3.5 Lignin in Cell Wall 

The existence of lignin is the main reason for fiber stiffness among the mechanical 

properties [57]. Confocal Raman microscopy with a spatial resolution of less than 1 μm 

was used by Wang et al. to study the local distribution of lignin and cellulose in the 

present cell types and the different regions across the fiber cap [58]. They found that the 

fiber cell walls were found to show almost axially oriented cellulose fibrils, and the 

stiffness and hardness of the central part of the cell wall remained basically consistent for 

the fibers at different regions across the fiber cap. The almost axially oriented cellulose 

fibrils in the fiber walls maximize the longitudinal elastic modulus of the fibers and their 
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lignification increases the transverse rigidity. Unlike hardwood and softwood trees, 

bamboos develop only a primary shoot without secondary thickening growth which 

impedes geometrical adaptations and increases the necessity of structural optimization at 

the material level. The secondary wall of the fibers showed the highest level of 

lignification, followed by the parenchyma cells and the metaxylem vessel. Low lignin 

content in vessel walls was also reported for the bamboo P. viridiglaucescens based on a 

UV microspectrophotometry study [59]. This is contrary to the situation found in most 

deciduous trees in which the vessel walls are highly lignified to rigidify the wall [60], 

which is a necessity to cope with the large radial tensile forces resulting from the water 

transpiration stream. Raman spectra revealed that cellulose fibrils of the secondary walls 

of fibers were oriented basically in fiber direction.  

By means of nanoindentation tests, Wang et al. showed that the degree of lignification 

seems to have a minor influence on the cell wall stiffness of bamboo fibers, which can be 

explained by the almost longitudinal orientation of the cellulose fibrils [58]. This is 

contradictory with the previous researches that shown the indentation modulus and 

hardness are highly dependent on both cellulose microfibril angle and lignin level of 

plant cell walls [61, 62].   

The fiber cell walls of moso bamboo have almost axially oriented cellulose fibrils 

(between 2° to 13° [63 - 65]) which impede a regulation of axial tensile stiffness by the 

degree of lignification. Therefore, in the examined bamboo culm, a stiffness gradient 

across the fiber cap is mainly developed by differential cell wall thickening, which affects 

tissue density and thereby axial tissue stiffness of the different regions of the cap [66]. 
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The lignin distribution within the cell walls of Gigantochloa levis was studied 

topochemically by means of TEM and cellular UV microspectrophotometry. The 

distribution of lignin structural units in different anatomical regions is described and 

lignification of the tropical bamboo species Gigantochloa levis is compared with that of 

the temperate bamboo species Phyllostachys viridiglaucescens [67]. The secondary layer 

fiber wall in general has a lamellar structure with increasing lignin content from the 

center towards the compound middle lamella. The vessel walls have lower lignin content. 

The mechanical properties of cellulose, lignin and hemicellulose were measured by 

previous researchers and a summary is presented in Table 3 [67]. 

 
Table 3. Tensile properties of various natural fibers 

Material  Density  

(g/cc) 

Young’s modulus 

(GPa) 

Tensile Strength (MPa) 

 Cellulose 1.45-1.59 120-167 750 - 1080 

 Lignin 1.2-1.25 2.5 – 3.7 25 – 75 

 Hemicellulose 1.55 5 - 8 N/A 

 

 

3.6 NanoStructure of Bamboo Fiber 

The bulk properties of materials are dictated not only by their elemental composition and 

molecular connectivity, but also by their macromolecular architecture. A principal 

example of this is observed in plant cell walls, which are composite materials consisting 

of biopolymers designed to serve multiple functions including structural support, 

microbial defense, and transport of water and nutrients throughout the organism. 

Ciesielski et al. introduced computational methodology to extract nanoscale geometry of 

cellulose microfibrils within thermochemically treated biomass directly from electron 

tomographic data sets. Computational analysis of the tomographic data is used to extract 
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mathematical descriptions for longitudinal axes of cellulose microfibrils from which we 

calculate their nanoscale curvature [68]. They have extracted mathematical 

representations for the nanoscale geometry of cellulose microfibrils in pretreated biomass 

from tomographic data sets. The resulting parametric equations were used to calculate the 

curvature of plant cellulose microfibrils for the first time. They also found that orienting 

microfibril models to bend about the 100 crystal plane reduced the formation of kink 

defects after energy minimization [68]. 

The structure of the cellulose microfibrils of spruce wood was investigated by Fernandes 

et al., using a range of spectroscopic methods coupled to small-angle neutron and wide-

angle X-ray scattering [69]. Disorder in chain packing and hydrogen bonding was shown 

to increase outwards from the microfibril center. The extent of disorder blurred the 

distinction between the Iα and Iβ allomorphs. Chains at the surface were distinct in 

conformation, with high levels of conformational disorder at C-6, less intramolecular 

hydrogen bonding and more outward-directed hydrogen bonding. 

Fernandes et al. suggest that cellulose microfibrils with about 24 chains, possibly twisted 

and with considerable disorder increasing towards the surfaces. Less extensive disordered 

regions probably exist within the core of each microfibril. Tight lateral binding is 

facilitated by the hydrogen-bonding pattern of the surface chains, at only a small cost in 

tensile stiffness due to the loss of intramolecular hydrogen bonding between O2 and O6. 

The surface location of these disordered chains means that a parallel mechanical model 

with tight lateral bonding to the ordered core is more appropriate than a series model, 

consistent with FTIR observations. The twisting of adjacent cellulose microfibrils may 

explain why they do not come into crystallographic register with one another over 
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enough of their length to merge [69]. A rectangular model is favored for spruce 

microfibrils, differing from more crystalline celluloses in having one hydrophobic and 

one hydrophilic face exposed. It is not clear how other polymers restrict access of 

celluloses to the hydrophobic surfaces, but impacts of the structure and aggregation of 

microfibrils on the recalcitrance of woody biomass are to be expected.  

Kulasinski et al. investigate the influence of adsorbed water on amorphous cellulose 

structure and properties, within the full range of moisture content from the dry state to 

saturation, by molecular dynamics simulation [70]. They found out that the properties of 

amorphous cellulose undergo a significant change about 10% of moisture content.   
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4 Preliminary Study on Biomedical Devices  

4.1 Drug Eluting Stent  

Drug-eluting stents (DESs) is a device on which anti-proliferative drugs that reduce 

smooth muscle cell growth and migration are placed, to release in the body gradually. 

This treatment is one of the effective methods for preventing restenosis after stenting 

operations [71, 72]. Stainless steel 316L has been used in DESs implant material because 

of its mechanical strength and the capability to bend and shape to create a custom fit in 

the operating room as well as low cost in comparison with other metallic implant 

materials [73,74]. However, 316L corrosion occurs in contact with biological 

environments and causes the release of metal ions, such as chromium, iron and nickel 

[75]. Therefore, DES is coated with a chemically inert and highly biocompatible polymer 

such as Poly (o-chloro-p-xylylene) (parylene C) [76-78]. O-chloro-p-xylylene is a 

benzene ring with two methylene groups on both ends and one chlorine side group. 316L 

is coated with parylene C through a vapor deposition process in which the substrate is 

exposed to di-radical monomer of o-chloro-p-xylylene. These monomers immediately 

polymerize on the surface via non-terminating free radical process. Although this 

polymer improves the thermal stability and chemical/moisture resistance of the metal, it 

shows very poor tendency for adhering to stainless steel [79, 73]. In order to promote the 

adhesion, pre-treatment with the 𝛾-methacryloxypropyltrimethoxysilane (𝛾-MPS) 

(Gelest, Morrisville, PA) is recommended for the surface of steel [80]. 𝛾-MPS (Silane) 

consists of a hydrolyzable alkoxy group bonded to the silicon atom and allows formation 

of a covalent metalosiloxane bond by hydrolyzing the metal surface (Figure 6). The o-
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chloro-p-xylene di-radical, which is generated in the vapor deposition process, reacts 

with the acrylate group of the siloxane side chain to form a covalent bond [81]. 

 

Figure 6. The process of polymerization of parylene C and silane on stainless steel [77]. 

There have been some efforts for measuring the adhesion energy between stainless steel 

316L and parylene C with and without silane [6, 70, 81]. However, the adhesion 

mechanisms of these materials are not fully understood because of the nature of the 

adhesion phenomenon that happens in Nanoscale, in a very short amount of time as well 

as the interference of many other parameters, such as mechanical properties of the 

materials, with the experimental measurement. Therefore, using new technique such as 

atomistic simulations can provide insightful information of the mechanism of adhesion, 

to achieve a better understanding of interfacial properties of these materials. 

In this research, we present a combination of atomic force microscopy (AFM) experiment 

and Maugis–Dugdale contact theory to compute the adhesion energy between parylene C 

/ 316L and silane added Parylene C / 316L. We also have used atomistic simulations to 
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quantify work of adhesion (a thermodynamic parameter) at room temperature to provide 

more intuitions to the mechanism of adhesion. The atomistic simulation also has been 

used to investigate the effect of the body temperature and the aqueous environment inside 

the body on the adhesion between parylene C / 316L with and without silane to impart 

useful information for better design.  

4.1.1 Experimental Method  

In the experiment, the AFM has been used to measure the pull-off forces obtained for 

DES surface pairs. Figure 7 presents a schematic of a typical force-displacement curve 

associated with the AFM adhesion experiments in which contact mode is used to bring a 

desired coated tip into contact with the desired coupon. In this process, the pull off forces 

can be obtained from maximum deflection of the tip during retract phase. It is possible to 

convert these adhesion forces into interfacial adhesion energies, using contact mechanics 

that consider the radii and deformation characteristics of the mating surfaces [6, 70].  

 

Figure 7. Schematic of the contact mode of AFM [82]. The attraction forces can be obtained from stage E 

which is the moment of the separation of the tip from the coupon. 

The experiment measures the interaction forces between parylene C / bare 316L and 

silane added parylene C / bare 316L. In the coating process of the tips, silane is first 
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deposited and cured on the metallic substrates, and parylene C is applied by pyrolysis of 

dichloro-(2,2)-paracyclophane and vapor deposition of the resulting diradical [76]. 

Therefore, since there is no covalent bond between pair surfaces, all the forces are due to 

non-bonded energies which are the results of van der Waals and electrostatic energies.  

Several possible contact theories are available for calculating the adhesion energies from 

interaction forces (Figure 7).  

 

Figure 8. Typical force per unit area displacement curve for (a) Hertz, (b) JKR, (c) DMT, and (d) actual 

MD adhesion models regarding contact theory of spheres. 

In this work, the general case of MD model, which is an idealized model and consistent 

with the measured AFM adhesive forces, has been chosen. This model considers a 

constant maximum force, predicted by Lennard-Jones potential for estimation of the van 

der Waals interactions, all over the contact region, until a separation h0 is reached. h0 is 

given by Equation (28) such that the maximum attraction force, σ0, and the work of 

adhesion, 𝛾, matches those of  Lennard-Jones potential.  

𝜸 = 𝒉𝟎𝝈𝟎                                                                                                                        (28) 

Maugis defied a transition parameter, λ that is used to decide on which models are 

applicable. This is given by, 

𝝀 = 𝟐𝝈𝟎(
𝑹

𝝅𝑲𝟐𝜸
)

𝟏

𝟑                                                                                                          (29) 
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where, R is the combined reduced radius of the radii of the coated AFM tip, R1, and the 

average asperity on the 316L substrate, R2, given by Equation (29) and K is the reduced 

modulus of elasticity of the tip and sample given by equation (30).  

𝑹 =  
𝑹𝟏𝑹𝟐

(𝑹𝟏+𝑹𝟐)
                                                                                                                 (30) 

𝐊 =
𝟒

𝟑
(

𝟏−𝝂𝟏
𝟐

𝑬𝟏
+

𝟏−𝝂𝟐
𝟐

𝑬𝟐
)

−𝟏

                                                                               (31) 

For 𝜆 < 0.1, the DMT model is valid and for 𝜆 > 5, JKR model. Value between 0.1 and 5 

correspond to the intermediate model [66].  

Parameter,𝛼, is defined by conversion Equation (32) such that 𝛼 = 0 and 𝛼 = 1 

correspond to the DMT and JKR respectively, and the intermediate cases are when 0.07 < 

𝛼 < 0.98.  [66].  

𝝀 = −𝟎. 𝟗𝟐𝟒. 𝐥𝐧 (𝟏 − 𝟏. 𝟎𝟐𝜶)                                                                            (32) 

With the definition of 𝛼, nondimensional parameter 𝐹̅, known as the reduced load or the 

net compressive load on the contact, is computed given by [66], 

𝑭̅ = 𝟎. 𝟐𝟔𝟕𝜶𝟐 − 𝟎. 𝟕𝟔𝟕𝜶 + 𝟐. 𝟎𝟎𝟎                                                                               (33) 

The pull-off forces measured from AFM, Fadh, along with 𝐹̅ are used to calculate the 

work of adhesion from Equation (33). 

𝜸 =
𝑭𝒂𝒅𝒉

𝝅𝑹𝑭̅
                                                                                                                         (34) 

The Equations (28) to (34) are used to calculate the work of adhesion from AFM 

measured forces.    

4.1.2 Computational Method 

Stainless steel 316L is a metal consists mainly of iron (%60 - %70), chromium (%16-

%18) and nickel (%10-%14). Surface x-ray diffraction of this metal shows that the 

surface has a thin layer of oxide and this layer has a structure similar to chromite, 



  35 

FeCr2O4 [83, 84]. Hence, since the structure of stainless steel 316L is complicated, in this 

study the structure of chromite crystal cell is considered as a simplified model for 316L 

in all atomistic simulations. Figure 9 shows the layers of DESs.  

 

Figure 9. Schematic illustration of the layers in the structure of drug eluting stent. The top layer is mixture 

of parylene C and water on top of the silane layer. The bottom layer is chromite which represents a layer of 

oxide on the 316L steel. 

The process of simulation starts with creating the optimum configurations of parylene C 

and silane layer along with chromite surfaces, by finding their minimum energies. The 

layers are placed on top of each other and equilibrated followed by dynamic simulations 

which are carried out in 300ps with the 1fs time steps. This time period was enough for 

the system to reach the stability in which there are no significant changes in non-bonded 

energy and the fluctuations of kinetic energy are negligible around a preset value of 

3kbTN/2, where kb is Boltzmann constant, T is temperature and N is total number of 

molecules. In order to investigate the effect of temperature on the adhesion, the 
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simulations are performed in 295K and 310K, referring to room and body temperature, 

respectively. 

Material Studio (MS) software (Accelrys, San Dieg, USA), is used for all molecular 

calculations. The forcefield used in the calculations is COMPASS (condensed-phase 

optimized molecular potentials for atomistic simulation studies) [85]. COMPASS is a 

powerful forcefield, which is used for atomistic simulation of condensed material. It is 

one of the first ab initio forcefield, which is parameterized and validated with the 

experiment results, using condensed-phase properties [86]. Therefore, it is an accurate 

and reliable forcefield for predicting mechanical, structural and thermo-dynamical 

properties of vast range of molecules and atoms.  

In COMPASS, the non-bonded energies include van der Waals and electrostatic energies, 

with hydrogen bonds being a natural consequence of these energies. Therefore, the non-

bond interactions are described by the Lennard-Jones function of van der Waals energies 

and Coulombic representation of electrostatic energies (Equation 35). 

𝑬𝒏𝒐𝒏−𝒃𝒐𝒏𝒅𝒆𝒅 = 𝑬𝒗𝒅𝑾 + 𝑬𝑬𝒍𝒆𝒄𝒕                                                                                       (35) 

 

4.1.2.1 Modeling of Chromite    

Chromite is an iron chromium oxide, FeCr2O4 with the crystal structure of FCC (Face 

Centered Cubic), symmetry group FD-3M and the cell dimensions of a = b = c = 8.85 Å 

and the angles of 𝛼 = 𝛽 = 𝛾 = 90º. This crystal cell is optimized using Smart algorithm 

which is a cascade of the steepest descent, ABNR, and quasi-Newton method. The non-

bonded summation methods are calculated using Ewald for electrostatic with 0.001 

kcal/mol accuracy and atom-based for van der Waals with truncation of atoms, further 

than cut-off distance of 12.5 Å. The parameter, u, that defines the fractional coordinates 

http://en.wikipedia.org/wiki/Iron
http://en.wikipedia.org/wiki/Chromium
http://en.wikipedia.org/wiki/Oxide
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of oxygen, iron, and chromium, in the form of (ui, uj, uk), are 0.7376, 0.8750 and 0.5, 

respectively. COMPASS forcefield estimates the density of the crystal cell at 4.30 g/cm
3 

and it is in good agreement with the experimental data which is 4.40 g/cm
3
. The crystal is 

cleaved on the close-pack plane (1 1 1) and the four top most atoms were equilibrated 

while all other atoms are fixed. Vacuum slab with the dimensions of 37.534 x 37.534 x 

16.161 Å
3
 is created from equilibrated system. 

4.1.2.2 Modeling Parylene C and 𝜸-MPS   

Initially, the polymer chain is generated with 100 monomers units from the parylene C 

monomer that is shown in Figure 10a. The number of monomers in the chain is not 

representative of the real polymer as the real chain has more than 10,000 repeating units. 

However, it is enough to model the chain ends, close to the surface. Many monomers on 

the real chain do not participate in the adhesion process due to non-bonded cut-off 

distance. 

 

Figure 10. (a) Parylene C monomer (b) 𝜸-methacryloxypropyltrimethoxysilane (𝜸-MPS) molecule. 

Amorphous Cell module with COMPASS forcefield has been used to create four 

minimized layers of this oligomer chain with a desired density of 1.289 g/cm
3
 [87] at 

300K. The first layer consists of just the oligomer and the other three oligomer chains fill 

with water for the amount of %20, %40 and %60 of the total system weight, respectively.  
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Each configuration then subjected to molecular dynamics simulation to let the atoms 

relax the high energy in the structure [88]. Initially, the NVT dynamics is carried out for 

80ps for 8x10
4
 steps at 300K, followed by 8x10

4
 steps NPT dynamics at the temperature 

of 400K and pressure of 1atm. Finally, the system cools down to the desired temperature 

in an NPT dynamics for 8x10
4
 steps at the pressure of 1atm. Table 4 shows the 

dimensions and density of each layer, after relaxation process.  

Table 4. The properties of polymer layers. 

Amount of water 

(% of weight) 

Dimensions 

(Å
3
) 

Density 

(g/cc) 

0 26.68 x 26.68 x 26.68 1.22 

20 23.41 x 23.41 x 23.41 1.11 

40 26.12 x 26.12 x 26.12 1.05 

60 30.51 x 30.51x 30.51 1.01 

In order to model the silane, forty eight silane molecules (Figure 10b) are packed into a 

box, using Amorphous Cell module, with COMPASS forcefield, to make a layer with the 

desired density of 1.045g/cm
3 

[89]. The relaxation procedure similar to parylene C 

modeling is applied to prepare the silane layer for the MD simulation. The outcome of 

this process is a layer of silane with the dimension of 24.18 x 24.18 x 24.18 Å
3
 and 

density of 1.16 g/cm
3
.   

4.1.2.3 Interface Modeling and Molecular Dynamics Simulation 

Two different assemblies are prepared to simulate the conditions of the experiments, 

parylene C / chromite (P/C) and silane-parylene C/ chromite (S-P/C). Since the parylene 

C layer is vapor deposited after silane treatment, the outer layer of coated tip is parylene 

C and touches the 316L coupon during the experiments. Therefore, in the S-P/C 

simulation, a layer of parylene C is in contact with the chromite and the silane layer is 

placed on top of the polymer layer. These assemblies are placed in a box with periodic 
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boundary conditions which are extended 50 Å in Z direction to make the upper layer 

interact merely with the lower one. These systems are equilibrated followed by NVT 

dynamics simulations at 295K for 300,000 steps with the time steps of 1fs. 

Eight different interaction assemblies are prepared to simulate the conditions inside the 

body. parylene C with %0, %20, %40 and %60 amount of water on chromite (P0/C, 

P20/C, P40/C and P60/C) and silane added parylene C with the same amount of water on 

chromite (P0-S/C, P20-S/C, P40-S/C and P60-S/C). Since the layer of silane in DES is 

between parylene C and 316L, the layer of silane is in contact with the chromite and 

parylene C layer is placed on top of the silane.  

The energy of interaction (Eadhesion) is calculated by, 

𝑬𝒂𝒅𝒉𝒆𝒔𝒊𝒐𝒏 = 𝑬𝒕𝒐𝒕𝒂𝒍 − (𝑬𝑼 + 𝑬𝑳)                                                                                    (36) 

The total energy (Etotal) is the energy of whole system. The energy of upper layer (EU) is 

the energy of polymer or silane without the contribution of the lower layer. The lower 

layer energy (EL) is calculated by removing the upper layer from the system [90]. 

The work of adhesion is calculated by, 

𝑾 =
𝑬𝒂𝒅𝒉𝒆𝒔𝒊𝒐𝒏

𝑨𝒄
                                                                                                               (37) 

where, AC is the van der Waals contact area between the molecules of the two layers. 

This area is obtained from the projected area of the upper layer on the top of the surface 

[90]. Contact area is calculated by using MATLAB image processing codes to obtain 

ratio of the projected area to the total area.  

4.1.3 Results and Discussion 

The adhesion forces between parylene C coated AFM tips and 316L steel is measured at 

320 ± 48 nN and silane added parylene C coated AFM tips and 316L steel is measured at 
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257 ± 105 nN (Figure 11) [81]. These results imply that the adhesion forces decreases 

when the silane is added to the system.  

 

Figure 11. Interaction forces of parylene C and silane added parylene C with 316L stainless steel. 

In order to find the work of adhesion from equations (27) to (33), h0 is considered to be 

half of the non-bonded cut off distance which is 12.5Å and the curvatures of the AFM 

tips are obtained from the scanning electron microscopy (SEM) images (Table 5). These 

data along with the 316L steel coupon grain size which is 12 ± 2 𝜇m are used in the 

equations to calculate 𝜆 and work of adhesion. By carrying out an iterative calculations, 

the work of adhesions are found to be 0.18 ± 0.0243 J/m
2
 with 𝜆 = 2.22 for parylene C / 

316L and 0.15 ± 0.0609 J/m
2 

with 𝜆 = 1.94 for silane added parylene C / 316L. Since 𝜆 < 

0.1 corresponds to DMT model and 𝜆 > 5 corresponds to JKR model, MD model is an 

appropriate model for these materials to calculate the adhesion energies from the Nano-

scale AFM experiments. These numbers follow the same trend as those of the adhesion 
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forces and indicate that the physisorption between parylene C and 316L is affected by 

silane and decreases as silane is added to the system.  

Table 5. AFM tip geometries. 

Coating Average Radius  

(nm) 

Radius STD 

(nm) 

Parylene C 370 31 

Silane-parylene C 354 23 

The experiment is simulated in atomistic level and the works of adhesion are estimated at 

0.078 J/m
2
 for P/C and 0.065 J/m

2
 for S-P/C. This shows that adding silane to the system 

slightly decreases the adhesion between parylene C and chromite. The reasons for this 

downturn are investigated by breaking down the adhesion energy into van der Waals and 

electrostatic energies.  Van der Waals and electrostatic energies between parylene C and 

chromite decrease from 0.065 J/m
2
 to 0.054 J/m

2
 and 0.013 J/m

2
 to 0.011 J/m

2
, 

respectively, as silane is added to the system. This suggests that the main interactions 

between parylene C and chromite are due to the van der Waals forces which are almost 

five times greater than the electrostatic, and adding silane on top of the parylene C 

changes the conformations and orientations of the polymer chain in such a way that 

causes a diminution of both energies.  

Figure 12 juxtaposes the experimental and simulation results at room temperature. 

Chromite model can estimate the interfacial characteristic of parylene C / 316L and silane 

added parylene C / 316L, accurately. Although the adhesion energies of the chromite 

model are less than the experimental results, the trend is similar. 
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Figure 12. Experimental and simulation results of work of adhesion (J/m
2
) between parylene C / 316L steel 

and silane added parylene C / 316L steel at room temperature. 

Knowing the fact that the chromite model results are in good agreement with the 

experiment, this model has been used to predict the effect of water and body temperature 

on the adhesion energies between DES layers. 

The effect of water (percentage of weight) permeating the parylene C on the work of 

adhesion between parylene C and chromite is clearly evident from Figure 13. As the water 

molecules penetrate into the polymer chains, the adhesion energy between polymer and 

metal substrate decreases. Comparing the results of simulation at 295K and 310K without 

the presence of water molecule implies that increasing temperature decreases the 

adhesion energies between these layers.         
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Figure 13. Effect of water molecules permeating parylene C on the work of adhesion between parylene C 

and chromite. 

Looking into the van der Waals and electrostatic energies of these layers reveals that an 

increase in the amount of water molecules through the parylene C increases the 

electrostatic energies between parylene C and chromite slightly while it decreases the van 

der Waals energies significantly (Figure 14). Water molecules are polar molecules due to 

the difference in electro negativities between the oxygen and hydrogen. These molecules 

tend to attach to so-called hydrophilic surfaces which are usually predominantly polar 

[91]. Therefore, water molecules recede from hydrophobic parylene C [92, 93] and 

approach the metal substrate because of its polarity and create a layer of water between 

polymer and the substrate. This layer decreases the concentration of the polymer chain 

close to the surface and, according to Lennard-Jones correlation, decreases the van der 

Waals interactions.    
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Figure 14. Effect of water molecules permeating parylene C on the van der Waals and electrostatic energies 

between parylene C and chromite. 

Figure 15 elucidates the aggregation of water molecules between the polymer and metal 

substrate by showing the concentration of parylene C and chromite molecules in Z axis 

for each simulation. In Figure 15a, when there are no water molecules, the polymer chain 

penetrates into the metal substrate about 2 Å and rapidly increases to maximum value. 

This shows that the majority of the polymer molecules align near the metal surface. 

Figure 15b and c show that the concentrations for 20% and 40% of weight water 

molecules shift to the right and finally Figure 15d clearly shows the concentration of the 

polymer accumulates far from the surface.          
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Figure 15. Concentration of parylene C and chromite molecules in Z direction for (a) 0% (b) 20% (c) 40% 

(d) 60% of weight water molecules. 
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4.2 Orthopedic Hydrogel-Hydroxyapatite Composite  
Design of biomimetic synthetic scaffolds for guided repair and regeneration of skeletal 

tissues is of significant clinical interest. Natural bone is a composite of collagen, a 

protein-based hydrogel template, and inorganic dahilite crystals (with hydroxyapatite, 

HA, being the major inorganic component). The unusual combination of a hard inorganic 

material and an underlying elastic hydrogel network endows native bone with unique 

mechanical properties, such as low stiffness, resistance to tensile and compressive forces 

and high fracture toughness. Photocrosslinked polymethacrylates and their functionalized 

copolymers, characterized with their high water retention capacity and biocompatibility, 

are attractive hydrogels for tissue engineering applications. One major challenge for their 

application as 3-dimensional synthetic bone substitute, however, is to realize high-affinity 

integration of HA with the hydrogel scaffold. 

Song et al. previously showed that poly (2-hydroxyethyl methacrylate), or pHEMA, a 

well-studied biocompatible synthetic hydrogel polymer could be surface mineralized with 

nanocrystalline HA with robust interfacial adhesion using a novel heterogeneous 

mineralization method [94-96]. Furthermore, Song et al. demonstrated that up to 50 wt% 

HA could also be structurally integrated with the 3-dimensional interior of the pHEMA 

hydrogel to generate structural composites that can resist high compressive loads without 

exhibiting brittle fractures [97]. The side chains of pHEMA is terminated with 

hydroxylated residues, which are richly present in type I collagen [98] and are believed to 

be responsible for the observed favourable integration of pHEMA with HA. These 

structural composites have also shown great in vivo performances for scaffold-guided 

repair of critical long bone defects in rodents [99, 100]. Here we hypothesize that 

pHEMA derivatives, when functionalized with other appropriate mineral nucleating side 
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chains [101], may further improved the interfacial adhesion strength in these structural 

composites. In particular, we hypothesize that the negatively charged carboxylate residue, 

a common motif found in acidic non-collagenous bone matrix proteins and recognized to 

play important roles in mediating templated biomineralization [102-104] would be a 

rational biomimetic element to be incorporated in the side chain of functional pHEMA. 

To test this hypothesis, a reliable method to quantitatively evaluate the adhesion energies 

between potential HA-binding ligands and HA crystals on an atomic scale needs to be 

developed. In this paper, we investigated the interfacial affinity between well-defined 

surfaces of HA single crystal whiskers [105] and pHEMA vs. pGLYMA which are 

functionalized with hydroxylated and carboxylated side chains, respectively. A 

combination of atomistic simulations and Atomic Force Microscopy (AFM) experiments 

was used to study the pHEMA and pGLYMA pairwise adhesion energies with well-

defined HA crystal. Models of crosslinked structures of pHEMA and pGLYMA were 

used to simulate elastic properties of the two polymers and to predict the adhesion 

energies at the interfaces of pHEMA/HA and pGLYMA/HA. The simulation results were 

then verified by a novel AFM experimental method developed earlier by Rahbar et al. 

[106, 107].  The details of the experimental method and computational process are 

presented in the following sections. 

4.2.1 The Experimental Measurement of Adhesion 

The AFM was used to measure the adhesion forces between the HA single crystal 

whisker surface (100) and the two polymers, pHEMA and pGLYMA. The HA whiskers 

were prepared by molten salt synthesis. The AFM tips were coated with pHEMA and 

pGLYMA by a multi-step coating process and validated by SEM. The AFM coated tips, 

in contact mode, were brought into contact with the coupons of HA whiskers, with the 
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(100) faces exposed, and pulled off. The adhesion forces between the tips and the 

substrate cause a bending deflection on the tips during the retraction phase (Figure 16). 

The deflections were recorded for each experiment and the forces were computed by 

using the equation of a cantilever beam that correlates the deflections with the forces. 

 

Figure 16. Schematic of the interaction of AFM tips with surfaces in the contact mode. 

4.2.1.1 Sample preparations 

HA single crystal whiskers were prepared using molten salt synthesis. Briefly, 

commercial polycrystalline HA powders were dry-mixed with potassium sulfate at a 

K2SO4/HA weight ratio of 1.6. The mixture was placed in a clean crucible and heated in a 

high-temperature furnace from room temperature to 1190 °C at a rate of 5 °C/min and 

held at 1190 °C for 3.5 h before it was being cooled to room temperature. The single-

crystal HA whiskers were separated from the solid mass by washing with Milli-Q water 

at 90 °C three times. The whiskers were then air-dried and characterized by optical 

microscopy to reveal morphologies (Figure 17) consistent with literature [101]. 
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Figure 17. Optical micrograph of the single crystal HA whiskers prepared by molten salt synthesis and the 

schematic (inset) of the (100) face to be utilized for the AFM study. 

Functional monomer GLYMA was prepared and purified as previously reported [100]. 

Commercially HEMA (Aldrich) was freshly distilled under reduced pressure and 

EGDMA (Aldrich) was passed through resins to remove radical inhibitors prior to use.  

To generate a robust layer of surface coating of pHEMA or pGLYMA on the AFM tip, 

we first covalently bonded a self-assembled monolayer (SAM) of thiolated methacryalte 

on gold-coated AFM tips. This SAM layer is designed to not only improve the wetting of 

the hydrogel cocktail (HEMA/EGDMA or GLYMA/EGDMA along with radical 

initiators) with the AFM tip, but also to covalently participate in the crosslinking to 

generate the pHEMA and pGLYMA surface coating. Specifically, the AFM tips were 

sputter coated with 10 nm chromium-nickel and afterwards a layer of 30 nm gold [108]. 

A self-assembled monolayer of 2-(methylthio) ethyl methacrylate was then formed on the 

Au-coated AFM tip before dipping the tip to respective cocktails of hydrogel monomer, 

crosslinker and initiators in previously published ratios [100], and crosslinked under UV 

(254 nm) for 1 min. As shown in Figure 18, this strategy successfully led to the uniform 

coating of the AFM tips with a thin layer of pHEMA or pGLYMA crosslinked by 2 wt% 
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EGDMA. 

 

Figure 18. SEM micrographs of the AFM tips before and after coating with a thin layer of pHEMA or 

pGLYMA crosslinked by 2 wt% EGDMA. The “defective” hydrogel at the base of the coated tips was 

caused by beam damage during the imaging. 

In order to acquire reliable AFM measurement, even distribution of a single layer of HA 

whiskers is needed to guarantee that the coated tips will touch the HA whiskers rather 

than the underneath surface. The HA whiskers also need to be stably fixed to the 

substrate to prevent their movements during the retraction phase.  Accordingly, a thermal 

wax was used to mount the HA whiskers on the glass substrate [109]. Specifically, a 

piece of wax was placed on the glass substrate and heated up to 70 °C until the wax 

softened. Immediately upon removing the glass substrate from the heater, the HA 

whiskers were sprinkled over as the wax starts to solidify. After 15 minutes at the room 

temperature, the thermal wax becomes solid. The surface of the substrate was brushed 

carefully to remove large agglomerates of the HA, leaving a layer of scattered HA 

whiskers predominantly exposing their (100) faces.  

In order to merely measure the adhesion forces between the hydrogel-coated AFM tips 

and the HA whiskers, two samples were prepared; one with only paraffin wax and one 

with HA whiskers sprinkled over and adhered to the surface of the wax. As a control, 

measuring the adhesion of the AFM tips with wax only helps us determine whether the 

tip was in contact with the HA whiskers or with the wax during the measurement. 
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Multiple points of the samples were tested to determine the adhesion forces between the 

tips and HA crystals. For each point, ten adhesion force measurements were collected for 

a proper statistical analysis. 

4.2.1.2 Data Analysis 

The AFM tips were brought in contact with HA whiskers in the contact mode of AFM. 

The adhesion forces were computed from the maximum deflection of the tips times a 

constant, which is the stiffness of the beam. The deflections were obtained from the 

difference between point E and A on the approaching and retracting curves in Figure 16.  

To calculate the adhesion energies from the measured forces, different contact theories 

developed by Maugis–Dugdale (MD) [67], Derjaguin-Muller-Toporov (DMT) [64] and 

Johnson-Kendall-Roberts (JKR) were used [63]. JKR model consider the contact as 

compliant with large radius of curvature. DMT is suitable for stiff contacts with small 

radius of curvature. The MD model is an intermediate case between JKR and DMT that 

decides which contact condition is applicable for modelling the adhesion between two 

surfaces by defining a transition parameter λ.  

𝝀 = 𝟐𝝈𝟎(
𝑹

𝝅𝑲𝟐𝜸
)

𝟏

𝟑                                                                                                              (38) 

where σ0 is maximum attraction stress. R is the combined reduced radius of the two 

surfaces in contact (AFM tips and HA particles), and K is the reduced modulus of 

elasticity of the tip and sample which are given by, 

𝑹 =
𝑹𝟏𝑹𝟐

𝑹𝟏+𝑹𝟐
                                                                                                             (39) 

𝑲 =
𝟒

𝟑
(

𝟏−𝝊𝟏
𝟐

𝑬𝟏
+

𝟏−𝝊𝟐
𝟐

𝑬𝟐
)−𝟏                                                                                                    (40) 

where Ri, Ei and υi (i=1, 2) are the radii, Young’s moduli and Poisson’s ratios of the 

coated AFM tips and the HA crystals, respectively. 
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For values of λ < 0.1, the DMT model is valid while the JKR theory is the relevant model 

for values of λ > 5.0. Consequently, values of λ between 0.1 and 5 correspond to the 

intermediate situation. In this study MD equations were used to calculate the λs and the 

adhesion energies (ϒ) between the polymers and the HA particles. Youssefian et al. 

discussed the calculation process of adhesion energies from MD equations, in details 

[107]. 

4.2.2 Atomistic Simulations of hydrogels 

Molecular dynamics techniques were used to simulate the adhesion between polymers 

and HA particles. COMPASS (Condensed-phase Optimized Molecular Potentials for 

Atomistic Simulation Studies [110]) force field, a suitable force field for atomistic 

simulation of condensed matters, was used to simulate the physical and mechanical 

properties of the polymers. It is one of the first ab initio-based force fields that is 

parameterized and validated with the experiment results, using condensed-phase 

properties [110]. Therefore, it is an accurate and reliable force field for predicting 

mechanical, structural and thermodynamic properties of a vast range of molecules and 

atoms. Nevertheless, the performance of this force field in atomistic simulations of the 

HA, pHEMA and pGYMA was verified in this study. 

4.2.2.1 Modeling hydroxyapatite surface 

In order to model the hydroxyapatite (HA) surface, hexagonal unit cell with symmetry 

group of P63 and lengths of a = b = 9.421 Å, c = 6.881 Å and the angles of α = β = 90  ͦ 

and γ = 120 ͦ  were modeled and optimized using steepest descent approach followed by 

conjugate guardian method. The non-bonded summations were calculated using Ewald 

for electrostatic with accuracy of 0.001 kcal/mol and atom-based for van der Waals with 

truncation of atoms further than cut-off distance of 12.5 Å. The properties of the model 
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were obtained to assess the suitability of COMPASS force field for atomistic modeling of 

HA. The computed density of HA from atomistic simulation was about 3.10 g/cc that was 

close to the experimental value of 3.14 g/cc. The modulus of elasticity estimated to be 

40.30 GPa, 40.30 GPa and 62.15 GPa in X, Y and Z directions, respectively. The 

experimental values for these properties depend on the volume fraction and porosities, 

and vary between 7 GPa to 103 GPa [111-114]. The Poisson’s ratio of HA is also a 

function of volume fraction and porosities, and changes from 0.15 to 0.3. The estimated 

Poisson ratio from atomistic simulation was 0.29.  

HA unit cell was cleaved on (100) surface which is the predominant surface of the HA 

whiskers exposed to AFM tips in the AFM experiments. (0 1 0) surface was also created 

to be used in the simulations because this plane is the major plane in the morphology of 

the biological material due to the effect of collagen matrix [115]. Furthermore, the 

electrostatic characteristic of this plane is not neutral due to negatively charged OH group 

on one surface and positively charged Ca atoms on the other surface. A super cell with 

the dimensions of 3.44 × 3.77 × 1.57 nm
3 

was created from the equilibrated (0 1 0) and (1 

0 0) HA surfaces.   

4.2.2.2 Modeling of the polymers 

Cross-linking a polymer is widely believed to improve the mechanical properties. Here, 

ethylene glycol dimethacrylate (EGDMA) was used as the cross-linking agent for 

pHEMA and pGLYMA. These polymers were crosslinked with 2% (by weight) 

EGDMA, according to the standard radical polymerization protocol [94, 116]. Therefore, 

the molecular mass ratio of crosslink agent (EGDMA) to hydrogel monomer (HEMA) 

was found to be 0.0129. The number of repeating units of EDGM, e, HEMA, h, and 

GLYMA, g, can be calculated by the following equation, 
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𝑬𝑮𝑫𝑴𝑨

𝑯𝑬𝑴𝑨
=

𝒆

𝒉
=

𝑬𝑮𝑫𝑴𝑨

𝑮𝒍𝒚𝑴𝑨
=

𝒆

𝒈
= 𝟎. 𝟎𝟏𝟐𝟗                                                                               (41) 

By choosing 3 EDGMA units, we need 234 HEMA or GLYMA to have a correct ratio of 

the polymers to the crosslinked agent. These 234 repeating units should create 3 chains of 

the polymer that are crosslinked by the 3 agents. Hence, there should be 80 repeating 

units in each polymer chain: 78 repeating units (234/3=78) plus 2 units as the connection 

site for the agents (Figure 19).  

 

Figure 19. Depiction of the crosslinked hydrogel molecular networks. 

Three oligomers of polymer with 80 repeating units along with 3 molecules of EDGMA 

were constructed in periodic boundaries with the dimensions of 3.2 × 3.2 × 1.7 nm
3
. Each 

cell was filled with 3942 water molecules to simulate the real conditions. The cell was 

going through a relaxation process [117] which starts with compressing at high pressure 

(5000 bar) for 80 ps at 300K, followed by NVT dynamics at 600K and 300K, 

successively, for 10 ps and 20 ps. Subsequently, an NPT dynamics was performed at 1 

bar and 300K for 80 ps. If the density was lower than the experimental density, the first 

two steps were repeated. The final simulation cells had dimensions of 3.4 × 3.4 × 3.4 nm
3
 

with a density of 1.2 g/cc and 1.27 g/cc for pHEMA and pGLYMA, respectively. These 
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values are in good agreement with the experimental values. 

To compare the mechanical properties of pHEMA and pGLYMA, the Young’s moduli of 

the polymers were calculated. The periodic structures of polymers were expanded along 

each direction to the maximum strain amplitude of 0.04 in 9 steps. In each step the 

stresses were obtained from virial stress expression:  

𝝈 =
𝟏

𝑽
[∑ 𝒎𝒊 (𝒗𝒊𝒗𝒊

𝑻) + ∑ 𝒓𝒊𝒋𝒇𝒊𝒋
𝑻

𝒊<𝒋
𝑵
𝒊=𝟏 ]                                                                        (42) 

which is commonly used to relate the computed stress in molecular dynamics to 

continuum stresses. 

To simulate the interaction of the interfaces of the polymers and HA, multiple assemblies 

of polymer chains on top of the HA substrate were created. Three different configurations 

of each polymer were chosen to remove the effect of the initial conditions on the results. 

After optimizing the polymers, NVT dynamic simulations were performed at 300K for 

300 ps with time steps of 1 fs. The interaction energy was calculated from the final 

trajectories of simulations, by using the following equation: 

𝑬𝑰𝒏𝒕𝒆𝒓𝒂𝒄𝒕𝒊𝒐𝒏   =  𝑬𝒕𝒐𝒕𝒂𝒍   −  (𝑬𝒔𝒖𝒓𝒇𝒂𝒄𝒆  +  𝑬𝒑𝒐𝒍𝒚𝒎𝒆𝒓)                                                      (43) 

where Etotal is the energy of the HA surface and the polymer, Esurface is the energy of the 

HA surface without the polymer and Epolymer is the energy of the polymer without the HA 

surface. 

4.2.3 Results and Discussion 

4.2.3.1 Experimental measurement of adhesion energies 

In order to ensure that the tips merely touch the HA whiskers, first they were tested on 

the smooth surface of paraffin wax with an average surface roughness of ~ 97 nm as 

shown in Figure 20. The tips, then, were tested on the surface of paraffin with the HA 

whiskers (Figure 21) which has a roughness in the micron meter range.  
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Figure 20. A typical 3D image of the surface of thermal wax samples. The smooth surface of the wax was 

used to detect the HA particles on the substrate. 

 

Figure 21. Single layer of HA particles fixed firmly in the thermal wax. This method helps the alignment of 

the HA crystals in the desired direction. 

The adhesion forces between the tips and the paraffin were computed from deflection-

displacement curve of the tips and paraffin wax (Figure 22a) to be about 23.72 nN. 

Figure 22b and c show the deflection-displacement curves of pHEMA and pGlyMA 

coated tips with HA whiskers which are about 104.4 ± 18 nN and 152.5 ± 22 nN, 

respectively. The statistical analysis shows higher adhesion forces between HA whiskers 

and the AFM tips coated with pGLYMA and pHEMA than the adhesion forces between 

paraffin wax and the tips. This implies that the tips only measured the adhesion between 

HA and hydrogels. 
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Figure 22. a) Typical deflection-separation curve of AFM tips coated with pHEMA tapping on Paraffin. 

Typical deflection-separation curve of AFM tips coated with b) pGLYMA and c) pHEMA tapping on HA 

surface. The stiffness of the tips is very close for different polymers and the analysis shows higher adhesion 

force between pGLYMA/HA than pHEMA/HA particles. 

 To find the adhesion energies per unit area from MD model equations, h0 was considered 

to be half of the non-bonded cut off distance which is 12.5Å. Since the width of the HA 

whiskers are in the micron meter range the reduced radius of the adhesion energy is 

simply the radius of the AFM tips. The radius of coated AFM tips was measured to be 

around 175 nm using SEM. 

By carrying out iterative calculations, the adhesion energies between HA whiskers and 

pGLYMA and pHEMA were found to be 184.3 mJ/m
2
 with λ = 8.45 and 126.2 mJ/m

2
 

with λ = 8.41, respectively (Table 6). Since λ > 5 corresponds to JKR, the contact 

between these hydrogels and HA whiskers, is compliant with large radius of curvature. 

Hence, these results suggest that pGLYMA, with carboxylated side chains, may present 
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further advantage than the hydroxylated uncharged pHEMA in achieving better bonding 

affinity with HA in the design of hydrogel-hydroxyapatite structural composites. 

Table 6. Experimental results of Adhesion forces and energies. 

 Tip Stiffness  

(N/m) 

Force (nN) Adhesion   

(mJ/m
2
) 

pGlyMA 0.58 ± 0.02 152.5 ± 22 184.3 ± 20 

pHEMA 0.61 ± 0.01 104.4 ± 18 126.2 ± 16 

 

4.2.3.2 Atomistic Simulations of adhesion energies 

The Young's moduli of the pHEMA and pGLYMA, computed from the stiffness 

matrices, are presented in Table 7. The average Young's moduli of pHEMA and 

pGLYMA were estimated to be 6.17 ± 0.81 MPa and 9.67 ± 0.55 MPa, respectively. The 

pHEMA Young’s modulus is in good agreement with the respective experimental 

measurements that are between 1 to 17 MPa under humidity conditions of 98% and 16% 

RH, respectively [118]. The results suggest that the pGLYMA exhibits stiffer mechanical 

behaviour than pHEMA. 

 

Figure 23. The results of the molecular dynamics simulations of a) pGLYMA b) pHEMA on HA (100) 

surface. 
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Table 7. Young’s Modulus computed from the simulations 

Hydrogel Young’s Modulus (MPa) 

pGlyMA 9.67 

pHEMA 6.17 

 

The adhesion energy per unit area between the hydrogels and different surfaces of HA 

were calculated from the trajectories of atomistic simulations (Figure 23) and shown in 

Figure 24. The adhesion energies between (100) surface and pGLYMA estimated at 77.2 

mJ/m
2
 while the adhesion between the same surface and pHEMA calculated to be around 

32.9 mJ/m
2
. 

 

Figure 24. The calculated adhesion energy per unit area of pHEMA and pGLYMA on different surfaces of 

HA. 

The adhesion energies between (010) surface and pGLYMA and pHEMA were estimated 

to be around 71.9 mJ/m
2
 and 32.2 mJ/m

2
, respectively. Comparing simulation results with 

the experiments suggests that the pHEMA and pGLYMA models can properly estimate 

the interfacial characteristic between these materials and HA. Although the adhesion 
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energies calculated from the simulation results are less than that of experiments, the 

trends are quite consistent. This trend implies that the pGLYMA exhibits greater 

adhesive tendency than pHEMA to HA. The components of adhesion energies, 

electrostatic and van der Waals, were calculated and are presented in Table 8 and Table 

9.  

Table 8. The adhesion energy and its components on HA (100) 

Hydrogel Adhesion 

(mJ/m
2
) 

Van der Waals 

(mJ/m
2
) 

Electrostatics 

(mJ/m
2
) 

pGLYMA 77.26 0.52 76.74 

pHEMA 54.74 2.23 52.51 

 

Table 9. The adhesion energy and its components on HA (010) 

Hydrogel Adhesion 

(mJ/m
2
) 

Van der Waals 

(mJ/m
2
) 

Electrostatics 

(mJ/m
2
) 

pGLYMA 74.72 1.86 72.86 

pHEMA 61.35 0.60 60.74 

 

These results elucidate that the major factor in the interaction between HA and the 

hydrogel is electrostatic energies which is higher between HA and pGLYMA than 

between HA and pHEMA. The main difference between pHEMA and pGLYMA 

molecular structures is the uncharged side chain hydroxyl end groups for pHEMA and 

the negatively charged side chain carboxylate end groups for pGLYMA. In addition, 

pHEMA links its side chains to the main chain via an ester linkage whereas pGLYMA 

via an amide linkage. These two differences cause more electrostatic attraction between 

the pGLYMA and HA compared to pHEMA and HA which results in higher adhesion 

energy. 
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5 Nanomechanics of Bamboo Fibers  

5.1 Molecular Origin of Strength and Stiffness in Bamboo Microfibrils 

Bamboo is the fastest growing naturally occurring bio-composite material [119] that 

reaches maturity within months.  As one of the well-known materials with high strength-

to-weight ratios, bamboo has been used as renewable and sustainable structural material 

for decades [120, 121]. The structure of bamboo consists of epidermis, parenchyma cells 

and vascular bundles, which are surrounded by supporting fibers. Researchers attribute 

the remarkable mechanical properties of bamboo to the presence of these fibers within 

the bamboo culm [122, 123]. The unique mechanical properties of bamboo fibers come 

from their composite structure, in which cellulose fibrils are surrounded by a matrix of 

mainly lignin and hemicellulose [124-126]. 

Prior researchers have investigated the mechanical properties of cellulose fibers, lignin 

and hemicellulose and their interactions [127-137]. Among those previous efforts, 

Besombes and Mazeau [138, 139] performed molecular dynamics simulations on the 

assembly of a threo guaiacyl β-O-4 dimer of lignin and different surfaces of cellulose Iβ. 

They showed that the adsorption of lignin onto cellulose is surface-dependent.  They also 

found a major contribution of van der Waals interactions onto (100) face and a major 

influence of hydrogen bond interactions in the adsorption of lignin onto (110) and (1̅10) 

faces. Linder et al. [140] performed non-equilibrium molecular dynamics simulations of 

lignin and cellulose. They found that lignin strongly associates with the cellulose 

nanofibril. Nevertheless, few attempts have been made to use the crosslinked structure of 
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lignin-hemicellulose to study the mechanical behavior of bamboo microfibrils and the 

interfaces of its matrix with cellulose nanofibrils. 

In this study, we investigate the role of each material in the mechanical properties of 

bamboo microfibrils as well as the underlying mechanisms of interactions between the 

matrix and cellulose nanofibrils. With this aim, molecular models of lignin, bamboo 

hemicellulose and a crosslinked structure of these two materials as representative matrix 

materials were developed.  Molecular dynamics techniques were used to elucidate the 

structures, mechanical properties of the lignin, hemicellulose and the matrix.  It is 

important to note that the properties of the systems under study are known to be sensitive 

to the percentage of water molecules [137]. Therefore, no water molecules were added to 

the simulations to remove this effect from the results. 

 
 

Figure 25. Hierarchical structure of bamboo. The vascular bundles in the parenchyma matrix are 

surrounded by supporting fibers which are known to be the source of remarkable mechanical properties of 

bamboo. Bamboo fibers have a hierarchical structure in which cellulose nanofibrils reinforce the 

intertwined hemicellulose-lignin matrix.  Linear chains of glucose with orderly hydrogen bonds form the 

crystalline regions of nanofibrils while irregular hydrogen bonds create the amorphous regions. The cross 

section of these nanofibrils is either rectangular or hexagonal. 

5.1.1 Molecular Structure of Bamboo Microfibrils  

The most abundant carbohydrate in bamboo is cellulose with the volumetric percentage 

ranging from 40 to 45%. Figure 25 presents the structure of cellulose at different scales 

down to its building unit cell. Cellulose nanofibrils are formed by assembling linear 

chains of aldehyde sugars often referred to as glucose molecules, to make either 
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rectangular or hexagonal cross sections with diameters of 3 to 5 nm [141, 128]. If the 

hydrogen bonds between the hydroxyl groups form in an order, highly ordered 

(crystalline) regions are formed. However, if random hydrogen bonds form, disordered 

(amorphous) regions develop. [128, 142]. The positions of the hydroxyl groups determine 

the crystal system. These can be either triclinic or monoclinic unit cells (α or β type, 

respectively) with latter being the building block of plants such as bamboo. In a bamboo 

fiber, cellulose nanofibrils are surrounded by lignin-carbohydrate complex (LCC) 

matrices that mainly contain lignin and hemicellulose with volumetric percentages that 

ranging from 20 to 30% and 15 to 25% of the bamboo structure, respectively. 

Lignin is a natural phenolic macromolecule that is mainly present in the plant’s 

secondary cell wall.  It is made up of three main phenylpropanoid subunits, namely p-

hydroxyphenyl (H-type), guaiacyl (G-type) and syringyl (S- type) units [143]. The 

biosynthesis of lignin occurs from different polymerizations of these three subunits. 

Hence, there are many possible bonding patterns between the individual units.  

Advancements in spectroscopic methods, however, have enabled scientists to elucidate 

the leading structural features of lignin [144]. They have also enabled scientists to 

propose different models for the molecular structure of lignin [145-149]. In this study, a 

structural model with 28 subunits of lignin proposed by Sakakibara (1980) has been used 

[150].  In this model, the value of the structural units and the number of protons per C9 

structural units are close to that of spruce milled wood lignin reported by other 

researchers. 

In order to be able to provide rigid support and shape to plants, lignin polyphenols are 

linked together in three-dimensional crosslinked structures by covalently bonding to 
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hemicellulose [151-153]. Hemicelluloses are a heterogeneous group of polysaccharides 

that unlike cellulose, frequently have side chain groups. They are essentially amorphous 

with little strength [154]. The two major categories of hemicelluloses are glucomannans 

and xylans. Bamboo hemicellulose has been shown to be a xylan and further 

characterized as a β-(1→4)-linked-xylopyranosyl backbone, with the presence of L-

arabinofuranose and 4-O-methyl-D-glucuronic acid as single side  chains (4-O-methy1-

D-glucurono- arabino-xylan [155]) that  are arranged in an irregular manner.  Therefore, 

the positions of the side chains are not fully determined. With  the ratio of uronic 

acid/arabinose/xylose of 1:3:32 reported [156], we consider hemicellulose structure as 

hybrid chains of two extreme positions of the side chains, one is a hemi- cellulose 

structure in which two functional groups are attached to the adjacent xylans and are in the 

closest possible distance (CPD). The other structure has the functional groups in the 

furthest possible distance (FPD).  A preliminary study of the energy of different 

configurations revealed that the total energies were of the same order of magnitude.  

Hence, from the energy point of view, they are both acceptable. Hemicellulose molecules 

bond to lignin by a variety of chemical bonds, however, most of the evidence refers to 

ether and ester bonds.  Jeffries proposed structures for ester and ether linkages for 

lignin/uronic acid and lignin/arabinoxylan groups, respectively [157]. These linkage 

models have been used to create the bonds between lignin and hemicellulose in the 

crosslinked LCC network. 

Based on the structures discussed here, molecular models of the typical lignin, 

hemicellulose, LCC and cellulose nanofibrils were created.  Atomistic simulation 

techniques were used to study the structure, thermodynamic and mechanical properties, 
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and interactions of the bamboo microfibril materials. The process of simulation (Figure 

26) is thoroughly described in the Method section. 

 
Figure 26. Process of preparing LCC models and atomistic simulation. The hemicellulose chain was created 

from one chain of CPD and one chain of FPD. Two hemicellulose chains were randomly crosslinked by 

three lignin molecules to create an LCC structure.  Lignin, hemicellulose and LCC models were placed on 

amorphous cellulose and eight substrates of crystalline cellulose which are representing eight possible faces 

of nanofibrils. The NVT dynamic simulations at 300K with 1 fs time step were performed for 1.2 ns and 

the adhesion energies were calculated from the final trajectories. 

 

5.1.2 Results and Discussion  

5.1.2.1 Structure  

Radial Distribution Functions (RDF) of all atoms in lignin, LCC and hemicellulose 

structures are presented in Figure 27a. According to this diagram, C−H (second peak, b) 

is the most abundant covalent bond in these materials. The abundance of the O−H (first 

peak, a), however, is different. For hemicellulose O−H has almost the same abundance as 
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C−C, whereas for lignin, C−C is more abundant than O−H. Hence hemicellulose, 

presumably, is a better candidate than lignin for making hydrogen bonds. This is 

confirmed by the number of hydroxyl groups in equal volumes of hemicellulose, LCC 

and lignin which are 1152, 784 and 456, respectively. 

 

Figure 27. a) Radial distribution functions of all atoms in hemicellulose, LCC and lignin. The first four 

peaks, a; b; c and d, are related to covalent bonds of O−H, C−H, C−C and C−O, respectively.  The fifth and 

sixth peaks, e and f, exist due to the non-bonded interactions in the systems. b) Radial distribution functions 

between hydrogen atoms of hydroxyl groups and the oxygen atoms in hemicellulose, LCC and lignin. The 

first peak at 1.85 Å is related to hydrogen bonds and the second peak at 3.25 Å is attributed to the oxygen-

oxygen distance on two hydroxyl groups bonded by hydrogen bonds. 

In Figure 27a, the fifth  peak is related to the distance between hydrogen and oxygen 

atoms, connected by hydrogen bonds, and the sixth peak is the distance between two non-

bonded carbon atoms on the cyclohexane rings that are connected by a carbon atom (for 

example, carbon 1 and 3 on the ring). Comparing the abundance of hydrogen bonds (peak 

e) with  the abundance of hydroxyl group (peak a), suggests that  in the structure of 

lignin, most of the hydroxyl group hydrogens participate in hydrogen bonding, whereas 

in the structure of hemicellulose, the contribution of hydroxyl groups is about 60%. 

To further understand the significance of hydrogen bonding, the RDFs between hydrogen 

atoms of hydroxyl groups and the oxygen atoms were obtained and are presented in 
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Figure 27b.  The first sharp peak at 1.85 Å is related to hydrogen bonding while the 

secondary broad peak at 3.25 Å is attributed to the oxygen-oxygen distance on two 

hydroxyl groups bonded by hydrogen bonds. The higher peak of lignin on the diagram 

confirms that greater numbers of lignin hydroxyl groups participate in hydrogen bonding 

than those in LCC and hemicellulose. This is because of the geometry of the functional 

groups, adjacent to these hydroxyl groups. The lignin hydroxyl groups are mostly parts of 

well-spread hydroxymethyl groups that are extended out from the main chains. The 

hemicellulose hydroxyl groups, however, are parts of xylose groups, where two hydroxyl 

groups attach directly to the main chains and are localized on pyranose rings. Hence, 

lignin hydroxyl groups are more exposed to and more accessible to other hydroxyl 

groups than those of hemicellulose hydroxyl groups. Therefore, although the 

hemicellulose structure contains more hydroxyl groups, lignin hydroxyl groups are more 

efficient in making hydrogen bonds. 

The length of hydrogen bonds for all three materials is around 1.85 Å. This is associated 

with short and strong hydrogen bond interactions. Such strong hydrogen bonds come 

from the existence of cooperativity. Cooperativity or cooperative effect between 

hydrogen bonds implies that the hydrogen atom of a hydroxyl group can form a stronger 

hydrogen bond, if the oxygen creates a hydrogen bond with an adjacent hydroxyl group 

[40].  This phenomenon is observed in most of the hydrogen bonds in the three materials. 

5.1.2.2 Thermodynamic properties  

Density and glass transition temperature are good physical properties for evaluating the 

realism of the conformations. The computed glass transition temperature for LCC, 

presented in Table 10, falls between the obtained values for hemicellulose and lignin 

which are in good agreement with the experimental data. The final relaxed conformations 
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of lignin and hemicellulose have average densities of 1.26 ± 0.02 g/cc and 1.45 ± 0.03 

g/cc, respectively. These are comparable with experimental results, in Table 11. Hence 

the lignin and hemicellulose models estimate the real densities within 5.2% and 4.6%, 

respectively. These differences are partly attributed to the vacuum condition assumed in 

the simulation that does not occur in the experiments. The density of LCC relaxed 

conformation was determined to be 1.34 ± 0.02 g/cc. Implementing the simple rule of 

mixture density, (𝜌𝐿𝐶𝐶  =  (𝑚𝐿  +  𝑚𝐻 )/( 
𝑚𝐿

𝜌𝐿
  +   

𝑚𝐻

𝜌𝐻
 )), in which two materials are 

mixed physically without  any changes in mass or volume, the LCC density, ρLCC , was 

estimated to be about 1.35 g/cc, using densities obtained from the lignin and 

hemicellulose simulations. This value is close to the density of the relaxed LCC model. 

Therefore, the molecular dynamics calculations showed the volume fractions of 

hemicellulose and lignin do not significantly change in the process of LCC creation. 

Hence, by using the same equation and the available experimental values for lignin and 

hemicellulose densities, the true value of LCC density can be estimated at 1.41 g/cc. 

Table 10. Glass transition temperature (°C) of lignin, hemicellulose and LCC obtained from the molecular 

calculations and experiments. 
 

Material Simulation Experiment 

Lignin 140.26 97-171 

Hemicellulose 186.06 140-180 

LCC 166.11 N/A 

 

Table 11.   Density (g/cc) of lignin, hemicellulose and LCC obtained from the molecular calculations and 

experiments. 
 

Material Simulation Experiment 

Lignin 1.26 1.33 
Hemicellulose 1.45 1.52 

LCC 1.34 N/A 
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5.1.2.3 Mechanical Properties 

The Young’s moduli of the hemicellulose, lignin and LCC are presented in Table 12. The 

average Young’s moduli of lignin and hemicellulose were estimated to be 5.90 ± 0.37 

GPa and 8.40 ± 0.15 GPa, respectively. These are in good agreement with the respective 

experimental measurements of 6.7 GPa and 8.0 GPa for nearly dry Pinus radiata lignin 

and hemicellulose (consisting of arabino-4-O- methylglucuronoxylan which have a close 

structure to bamboo hemicellulose) [132, 133].  Other studies suggest respective values 

in the range of 1 to 2 GPa and 3.5 to 7 GPa for different types of lignin and hemicellulose 

[134, 135]. Hence, the results from the simulations and experiments show that 

hemicellulose has better mechanical properties than lignin. Performing the same 

procedure on the LCC model resulted in an average Young’s modulus of 6.93 ± 0.31 

GPa, which is between the Young’s modulus of hemicellulose and lignin. 

 
Table 12.   Young’s Modulus (GPa) of lignin, hemicellulose and LCC obtained from the molecular 

calculations and experiments. 
 

Material Simulation Experiment 

Lignin 5.90 2 - 6.7 

Hemicellulose 8.40 3.5 - 8.0 

LCC 6.93 N/A 

 

The Young’s modulus of a material is defined by its resistance to the tension or 

compression of bonds. It is affected by factors such as interatomic and intermolecular 

energies per unit volume. For the amorphous materials, such as LCC, lignin and 

hemicellulose, applied stresses are mostly used to overcome the non-bonded energies 

between the molecules. They are also used to unwind the chains rather than directly 

struggle with the potential energies between atoms or the crosslinking between chains. 

Therefore, at small strains, non-bonded energies play more important roles in 

determining the elastic moduli of amorphous materials. 
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However, the effects of non-bonded energies are not equal.  According to the Lennard-

Jones function, non-bonded energies with lower equilibrium energies or shorter 

equilibrium distances exhibit greater resistance to stretching or compressing. Thus, they 

result in higher Young’s moduli. The lower minimum potential energy creates a greater 

curvature (second derivative) of its energy- distance curve at the point of equilibrium and 

thus leads to a greater force- distance slope. The same situation holds true for the case 

where the minimum energies are the same but equilibrium distances are different. In this 

case, the shorter equilibrium distance results in a greater curvature, which increases the 

slope of the force-distance curves. Therefore, the strong short-range hydrogen bonds play 

more important roles in determining the Young’s modulus than the other weak long-

range non-bonded interactions. 

These hydrogen bonds that behave like springs between atoms, distribute differently in 

the LCC, hemicellulose and lignin structures. The number of atoms connected by the 

hydrogen bonds is higher for hemicellulose than for LCC which is higher than the 

number of hydrogen bonds for lignin.  The hydrogen bond stiffness can be derived from 

the potential energy function. The most common expression for Lennard-Jones potential 

is given by, 

𝑼𝑳𝑱 =∈ [(
𝒓𝒎

𝒓
)

𝟏𝟐

− 𝟐(
𝒓𝒎

𝒓
)𝟔]                                                                                             (44) 

where r is the distance between the two atoms, ϵ  is the depth of the potential well and rm 

is the equilibrium distance. The forces between the two atoms can be calculated from the 

derivative of the potential energy, =  − 
𝑑𝑈𝐿𝐽

𝑑𝑟
. 

𝑭(𝒓) =
𝟏𝟐∈

𝒓𝒎
[(

𝒓𝒎

𝒓
)𝟏𝟑 − (

𝒓𝒎

𝒓
)𝟕]                                                                                           (45) 
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The stiffness that this force causes around the equilibrium point is obtained from the 

derivative of the force, 𝐾 = −(
𝑑𝐹

𝑑𝑟
)𝑟=𝑟𝑚

, which results in, 

𝑲 =
𝟕𝟐∈

𝒓𝒎
𝟐                                                                                                                            (46) 

For hydrogen bond between two hydroxyl groups, the equilibrium distance was 

calculated to be around 1.85×10
−10

  m, and the potential depth is reported to be 1.2×10
−20

 

J [136]. With these values the stiffness of a hydrogen bond in hemicellulose, LCC and 

lignin was found to be around 25.24 J/m
2
. Since these springs bear the stresses in the 

system, more hydrogen bonds connect more atoms and create a stiffer system. That is 

why hemicellulose with a 1.08×10
8
 J/m

3
 hydrogen bond energy density has the highest 

Young’s modulus among the three materials, while LCC with a hydrogen bond energy 

density of 7.51×10
7
 J/m

3
 , has a higher Young’s modulus than lignin with a 4.46×10

7
 

J/m
3
  hydrogen bond energy density. 

 
 

 
Figure 28. a) The adhesion energy per unit area between different cellulose nanofibril faces and 

hemicellulose, LCC and lignin. The average energy between lignin molecules and a cellulose nanofibril is 

higher than the energy between hemicellulose and cellulose nanofibrils. b) The van der Waals energy per 
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unit area between different cellulose nanofibril faces and hemicellulose, LCC and lignin.  Lignin exhibits 

higher adhesive energy to cellulose nanofibrils than hemicellulose. c) The electrostatic energy per unit area 

between different cellulose nanofibril faces and hemicellulose, LCC and lignin. The average electrostatic 

energy between lignin molecules and cellulose nanofibrils exhibit no significant difference from the 

electrostatic energy between hemicellulose and cellulose nanofibrils d) the hydrogen bond energy per unit 

area between different cellulose nanofibril faces and hemicellulose, LCC and lignin.  The average hydrogen 

bond energies between cellulose nanofibrils and the three materials are similar. 

5.1.2.4 Adhesive Interactions 

In the composite structure of a bamboo microfibril, knowledge of adhesive interactions 

between the different layers determines its strength. Applied stresses on a microfibril are 

carried either by cellulose nanofibrils, the LCC matrix or the interfaces of these two 

regions. To investigate the adhesion energies at these interfaces, twenty-four different 

assemblies of lignin, hemicellulose and LCC on top of cellulose substrates were created, 

each of which simulates the interaction between one of the materials and one face of the 

eight possible faces of cellulose nanofibrils.  The adhesion energies were computed from 

final trajectories of the simulations and presented in Figure 28a.  Although these results 

indicate that the overall adhesion energies for these materials are different, their 

tendencies to adhere to nanofibril faces exhibit almost the same pattern.  For each 

material, the interaction energies of (100) and (1̅00) faces are the lowest whereas the 

energies of other faces vary around an average value. The average adhesion energy 

between lignin and nanofibril faces was about 152 mJ/m
2
. This is higher than adhesion 

energy between LCC and nanofibril faces which is about 133 mJ/m
2
.  Hemicellulose with 

average adhesion energy of around 83 mJ/m
2
 shows the lowest adherence to nanofibril 

among the three materials. This adhesion trend, also, has been shown by Hosoya et al. in 

the pyrolysis of hemicellulose and lignin with cellulose where lignin-cellulose 

interactions were significant compare to low hemicellulose-cellulose interactions [137]. 

Therefore, lignin with greater overall adhesion energy to cellulose is responsible for 
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providing strong interaction between LCC matrix and cellulose nanofibrils to create 

strong bamboo microfibrils. To understand the mechanism of interactions between these 

materials and cellulose, we computed the electrostatic and van der Waals energies, 

accountable for the adhesion, as shown in Figure 28b and c. These results suggest that the 

van der Waals energies do not change significantly over the nanofibril faces whereas the 

electrostatic energies of (100) and (1̅00) faces are less than that of other faces. Hence, the 

electrostatic energy is responsible for reduction of adhesion energy between cellulose 

(100) or (1̅00) faces and hemicellulose, LCC and lignin. The average electrostatic 

energies between cellulose nanofibril faces and hemicellulose, LCC and lignin are 38 

mJ/m
2
, 57 mJ/m

2
 and 58 mJ/m

2
, respectively, and the average van der Waals energies 

between cellulose nanofibril faces hemicellulose,  LCC and lignin are 44 mJ/m
2
, 76 

mJ/m
2
 and 95 mJ/m

2
, respectively. It is evident that lignin van der Waals energy is higher 

around 116% than that of hemicellulose whereas the electrostatic energy are higher just 

by about 50%. This indicates that the superiority of lignin adhesion energies to cellulose 

comes from the relatively higher van der Waals energies between cellulose nanofibril and 

lignin. One of the major components of electrostatic energies at the interface of cellulose 

nanofibril and hemicellulose, LCC and lignin, is hydrogen bonding which are illustrated 

in Figure 28d.  Regardless of the slightly higher average hydrogen bond energy between 

lignin and cellulose, all three materials have almost the same hydrogen bond interaction 

energies with cellulose nanofibrils. The hydrogen bond energies show a similar pattern to 

the electrostatic energies presented in Figure 28c. In other words, (100) and (1̅00) faces 

have the lowest hydrogen bond energies which are similar to that of the electrostatic 

interactions. This suggests that different level of hydrogen bond energies at the interface 
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of nanofibril and hemicellulose, LCC and lignin are the main reason for different 

electrostatic energies from one face to another, causing the adhesion energies between the 

matrix and (100) and (1̅00) faces of nanofibril to drop.  

 
 

Figure 29. a) Distribution of hydrogen atoms on the (100) and (𝟏̅00) surface. These surfaces are covered 

with hydrogen atoms that are bonded either to oxygen or carbon. The hydrogen atoms that are connected to 

oxygen are less exposed than the hydrogen atoms connected to carbon because they stay closer to the 

surface. b) The relative concentration of hydrogen in O−H and C−H along Z axis. Hydrogen in O−H 

groups accumulates at 18.3 Å, while the hydrogen in C−H groups accumulates at 19.8 Å. 

A closer look at the (100) and (1̅00) face provides some insights into the weak hydrogen 

bonds between the faces and the matrix. Figure 29a shows that the surfaces of (100) and 

(1̅00) are covered with hydrogen atoms (white spheres). The hydrogen atoms are bonded 

either to oxygen or carbon.  The hydrogen atoms connected to oxygen are less exposed 

because they stay closer to the surface while the hydrogen atoms connected to carbon 

face outwards and are configured for contact with adjacent layers. Therefore, since the 

accessibility of the hydrogen atoms in O−H groups is less than that in C−H groups, the 

overall hydrogen bond energy between these two faces and the matrix diminishes. Figure 

29b confirms this observation by comparing the relative concentration of hydrogen atoms 

that are attached to carbon and oxygen. On this diagram, the relative concentration of the 

top layer of hydrogen on O−H groups and C−H groups are illustrated along the Z axis. 
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Hydrogen in O−H groups accumulates at 18.3 Å, while the hydrogen in C−H groups 

accumulates at 19.8 Å. Therefore, the latter group is more exposed to other layers. 

This adhesion study proves that the weakest interaction between cellulose nanofibril and 

LCC occurs at the (100) and (1̅00) faces. However, the question of which interface is the 

weakest link in a microfibril still remains. To answer this question, we need to calculate 

the other possible locations where defects may occur. Figure 30 shows a schematic of a 

nanofibril in a matrix of LCC that is woven around both crystalline and amorphous 

regions. In this structure, the stress can detach either layers of LCC/LCC, interfaces of 

LCC/crystalline cellulose, LCC/amorphous cellulose, or the stress can fracture the 

cellulose nanofibril. 

The weakest adhesion energy between cellulose nanofibrils and LCC was found to be 

around 106 ± 8 mJ/m
2
. This energy is less than that between the two layers of LCC in the 

matrix, which was estimated at about 160 ± 29 mJ/m
2
. The adhesion energy between 

LCC and the amorphous region of nanofibrils was close to the adhesion energy of 

amorphous cellulose/amorphous cellulose interface which were estimated to be 54 ± 10 

mJ/m
2
 and 44 ± 6 mJ/m

2
, respectively. Therefore, the amorphous region of nanofibril has 

the lowest adhesion energy in the system. 
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Figure 30. The adhesion energy per unit area between different interfaces, present in a possible 

nanostructure of bamboo microfiber.  The adhesive interaction energy at the interface of LCC layers is the 

highest among all the regions. The amorphous regions exhibit the lowest adhesive interactions, hence, their 

interface strength are likely to determine the strength of overall strength of bamboo microfibrils. 

5.2 The effect of Water on Mechanical Properties of bamboo fibers 

The high number of hydroxyl groups in carbohydrates makes them hydrophilic polymers 

with reaction sites for hydrogen bond formation with water molecules. Therefore, water 

molecules permeate through these structures and create hydrogen bonds with the 

carbohydrate chains. Aggregation of water molecules between the polymer chains 

significantly changes their mechanical and viscoelastic properties. This effect, however, 

is not the same for all of these materials due to different hydrogen bond energies and 

distribution in the materials. Figure 31 illustrates the hydrogen bond distributions of 

hemicellulose, lignin and the crosslinked structure of these two materials, LCC. 

Hydrogen bonds behave like springs that connect atoms and constrain their motility. 

Therefore, they have a determinant impact on the physical properties of these materials. 

Once water molecules permeate these systems, hydrogen bonds between carbohydrate 

chains are replaced by the hydrogen bond between the chains and water molecules. The 
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physical properties changes due to weakening of hydrogen bond network of the polymers 

and enhancement of molecular motility. Lignin with lower number of hydroxyl groups is 

hydrophilic compare to other carbohydrate polymers in bamboo fibers [138]. The 

influence of water molecules on the bamboo fiber nanostructure and physical properties 

such as density and elastic modulus are different.  

 

 

Figure 31. Hydrogen bond distribution in a) hemicellulose b) LCC c) lignin. 

 

 

Figure 32. The variation of density with water content. 
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Figure 32 elucidates the different density responses of hemicellulose, lignin and LCC to 

the variation of water content. Hemicellulose with higher density than lignin and LCC 

exhibits more sensitivity to water molecules. Introducing a small amount of water into 

dry LCC and lignin does not change their densities significantly whereas hemicellulose 

density varies notably. As the water molecules continue permeating into these 

carbohydrates, their densities decrease almost linearly. Hemicellulose with larger number 

of hydroxyl groups has more reaction sites for water molecules. Therefore, the hydrogen 

bond of hemicellulose constantly decreases as water molecules break the hydrogen bond 

between them. Lignin, however, has less bonding sites compare with hemicellulose. 

Hence, after a certain amount of water content, the regressive effect of water on hydrogen 

bond diminishes.  
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Figure 33. Hydrogen bond energies a) Total b) polymers c) water d) interaction between polymers and 

water. 

The intermolecular energies between particles in a material play an important role in 

determining its molecular structure which dictates the physical properties such as density 

and elastic modulus. Since hydrogen bond interactions are both short range and angle-

dependent, their impacts on structuring of polymers with Hbonds are significant. In 

carbohydrates, due to their high number of hydroxyl groups, the consequences of 

hydrogen bond energies are amplified, especially when interacting with water molecules. 

The study of variation of hydrogen bonds with water content allows us to capture the 

important physics of water-polymer interactions with a minimal need for experimental 

inputs. Hence, we start with investigating the total hydrogen bond energies of 

hemicellulose, LCC and lignin in different water content (Figure 33a). All three materials 
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exhibit almost the same progressive trend of total hydrogen bond energies when the water 

content increases. Nevertheless, hemicellulose shows higher total hydrogen bond energy 

than LCC and lignin, in the dry and hydrated conditions due to its larger number of 

hydroxyl groups. The coincidence of LCC and lignin hydrogen bond energies indicates 

that LCC may adopt lignin physical behavior imposed by hydrogen bonds.  

In an effort to investigate the conformational change of the hemicellulose, LCC and 

lignin with increasing water content, the hydrogen bond energies between merely 

polymer chains were calculated and shown in Figure 33b. The diminution of hydrogen 

bond energies on this graph is an indication of hydrogen bond rupture by water 

molecules. At low water content (less than 10%) reduction of hydrogen bonds of lignin is 

more pronounced. At high water content, however, the graph goes to almost a plateau. 

We found out that these two distinct stages occur due to the formation of hydrogen bonds 

with new water molecules at low water content and the gap between polymer chains 

caused by water molecule aggregation. To explain these two stages accurately, the 

hydrogen bond energy between only water molecules were calculated and presented in 

Figure 33c. This graph shows that after 10% water content the growth of hydrogen bond 

energies between water molecules increases significantly. This suggests that water 

molecules tend to create hydrogen bond with other water molecules and aggregate at high 

water content. Figure 33d presents the hydrogen bond interactions between polymer 

chains and water molecules. The salient growing trend of this graph below 10% water 

content shows that the water molecules tend to form hydrogen bonds with polymer chains 

at low water content.  
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Therefore, at lower concentrations of water, the hydrogen bonds between polymer 

matrices and water molecules seem to be more favorable than water-water hydrogen 

bonding. At higher water content, however, water molecules tend to make hydrogen bond 

with other water molecules and thus the formation of nano-droplets of water inside the 

LCC matrix occurs. This process, however, is not the same for all three materials. Unlike 

lignin and LCC, hemicellulose with higher number of hydroxyl groups continues the 

formation of hydrogen bonds with water molecules even at higher water content.  

 

Figure 34. Radial distribution function between water molecules and hydroxyl group of  a) Hemicellulose 

b) LCC c) Lignin 
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In order to analyze the evolution of hydrogen bond characteristics with increasing water 

molecules, Radial Distribution Functions (RDFs) between water molecules and hydroxyl 

groups of hemicellulose, LCC and lignin were calculated (Figure 34). RDF is a structural 

characterization parameter of amorphous molecules that provides the basic information 

about short range order and the nature of atomic interactions. RDF gives the possibility of 

finding a particle at a certain distance from the reference particle. The observed variations 

in dihedral conformation and internal structural variables are the results of the dynamics 

of non-bonded interactions like hydrogen bonding, electrostatic and van der Waal 

interactions. The first three distinct peaks on figure 4 are consequences of hydrogen 

bonding. The highest peak appearing at 1.75Å is associated with the donor – acceptor 

distance of hydrogen bonds. This shows a short-range strong Hbond between water 

molecules and polymer chains. The second peak at 2.45Å appears due to distance 

between donor and hydrogen on the acceptor side. The third peak at 2.65Å represents the 

distance between water molecule oxygen and the oxygen on the hydroxyl groups. The 

next successive peaks are indications of long-range electrostatic interactions between 

water molecules and hydroxyl groups. The diminution in intensity of the peaks with 

increasing water content confirms that the fraction of water molecules involved in the 

hydrogen bonding with all three polymer matrices decreases as the water content 

increases. Nonetheless, unlike the constant reduction in the intensity of the peaks on 

hemicellulose RDF diagram, lignin peaks drops suddenly after 10% water content which 

suggests a saturation situation for lignin. LCC also follows the lignin behavior. 

The other difference between lignin and hemicellulose response to water molecules is the 

height of the peaks. The higher peaks on lignin diagram indicate higher probability of 
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finding the water molecules around the reaction site on lignin chains than that of 

hemicellulose. Therefore, lignin tends to interact with a larger fraction of introduced 

water molecules than hemicellulose. This is due to the position of functional groups 

adjacent to the hydroxyl groups. The lignin hydroxyl groups are mostly parts of well-

spread hydroxymethyl groups that are extended out from the main chains. The 

hemicellulose hydroxyl groups, however, are parts of xylose groups, where two hydroxyl 

groups attach directly to the main chains and are localized on pyranose rings. Lignin 

hydroxyl groups are more exposed to and more accessible by water molecules than those 

of hemicellulose hydroxyl groups. Hence, although the hemicellulose structure contains 

more hydroxyl groups, lignin hydroxyl groups are more efficient in making hydrogen 

bonds. 
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6 Summary and Conclusion   

With the increasing applications of the composite materials in biotechnology, a 

microscopic understanding of the mechanisms of molecular interactions and adhesion 

between layers of biomaterials has become of importance. Strong adhesion between 

layers of biomaterials plays a significant role in providing high toughness and strength in 

the biomedical devices. Having high strength-to-weight ratio that would warranty the 

ability of the composite to withstand physiological loadings without exhibiting brittle 

fractures is an imperative key factor in designing medical devices such as drug delivery 

and synthetic orthopedic materials. 

In our preliminary study on the drug eluting stents, we used molecular dynamics 

simulations along with the combination of Atomic Force Microscopy (AFM) experiments 

and contact mechanics theories to predict the adhesion between layers of the drug eluting 

stent after being implanted inside the body. Simulation of the diffusion of water 

molecules between drug eluting stent layers at the body temperature suggests that the 

effects of water and temperature on the adhesion between parylene C and 316L are 

regressive. We observed the similar effect of water and temperature on the system in the 

presence of silane. The source of this diminution found to be the van der Waals energies 

between parylene C and 316L, while no significant change in electrostatic energies are 

observed. We used the same techniques to study the modified hydrogel-hydroxyapatite 

bone substitute material. Our results showed that substitution of the hydroxylated side 

chain of poly (2- hydroxyethyl methacrylate) (pHEMA) with carboxylate side chains to 

make poly (glycerol methacrylate) (pGLYMA), improves the mechanical properties of 

the composite material. Both experimental and numerical results showed that pGLYMA 

has a stronger adhesion forces with hydroxyapatite and may be used for preparing high-
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affinity polymer-HA composite. Further studies showed that the higher interaction 

between pGLYMA and HA is due to higher electrostatic energies between these 

materials. This is likely derived from the main difference in molecular structures between 

pHEMA and pGLYMA, which is the uncharged side chain hydroxyl end groups for 

pHEMA and the negatively charged side chain carboxylate end groups for pGLYMA. 

In the main part of this research, in an effort to develop a bio-inspired material-by-design 

approach for cellulose-based composites with tailored interfaces and programmed 

microstructures that could provide an outstanding strength-to-weight ratio, we studied the 

nanostructure and nanomechanics of the bamboo fiber, a cellulose-based biocomposite 

material designed by nature with remarkable strength-to-weight ratio (higher than steel 

and concrete). We have utilized atomistic simulations to investigate the mechanical 

properties and mechanisms of interactions between cellulose nanofibrils and the bamboo 

fiber matrix which is an intertwined hemicellulose with lignin called lignin-carbohydrate 

complex (LCC). Our results suggest that the molecular origin of the rigidity of bamboo 

fibers comes from the crystal structures of cellulose nanofibrils that lead the external 

loads to covalent bonds in the main chain of cellulose. In the matrix of bamboo fiber, 

hemicellulose exhibits larger elastic modulus than lignin whereas lignin shows greater 

tendency to adhere to cellulose nanofibrils. Consequently, the role of hemicellulose found 

to be enhancing the transverse rigidity of the matrix and lignin found to be providing the 

strength of bamboo fibers. The abundance of hydrogen bonds in hemicellulose chains is 

responsible for improving the elastic modulus of LCC. The strong van der Waals forces 

between lignin molecules and cellulose nanofibrils are responsible for higher adhesion 

energy between LCC and cellulose nanofibrils. We also found out that the amorphous 
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regions of cellulose nanofibrils is the weakest interface in bamboo microfibrils. In 

presence of water, the elastic modulus of lignin increases at low water content (less than 

10%) and decreases in higher water content, whereas the hemicellulose elastic modulus 

constantly decreases. The variations of Radial Distribution Function and water diffusion 

of these materials with water content suggest that water molecules enhance the 

mechanical properties of lignin by filling voids in the system and creating hydrogen bond 

bridges between polymer chains. For hemicellulose, however, the effect is always 

regressive due to the destructive effect of water molecules on the hydrogen bond in 

hemicellulose dense structure. Therefore, the porous structure of lignin supports the 

matrix to have higher rigidity in the presence of water molecules. These results that 

elucidate the functionalities and interactions of the main constituents of bamboo fibers 

could be utilized for designing artificial cellulose-based composite materials. 

6.1 Implication 

Many cellulose-based nanocomposite polymers have the same structure as the bamboo 

fiber. In these materials, there is a crosslinked structure of two polymers which forms the 

matrix reinforced by cellulose nanocrystals. For instance, poly (vinyl alcohol) (PVOH) is 

crosslinked with poly (acrylic acid) (PAA) to form the matrix for cellulose nanocrystals 

[139]. These types of polymers can benefit from the information obtained from bamboo 

fiber. We suggest that the polymer and the crosslinker should have the ability to create 

hydrogen bonds through their hydroxyl groups. The polymer should provide higher 

number of hydrogen bond than the crosslinker, and enhance the rigidity for the matrix 

through the strong hydrogen bond network around the cellulose nanocrystals. This 

functionality can improve the elastic modulus of the system by enhancing the transverse 
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rigidity around the cellulose nanocrystals. The crosslinker in the matrix should provide 

larger adhesion forces between the matrix and cellulose nanocrystals than the polymer, 

by means of strong van der Waals forces. In order to control the rigidity of the whole 

system in the presence of water molecules, the density of the crosslinker should be 

controlled. Because the porous structure of the crosslinker allows water molecules to fill 

in the free spaces between chains and creates a hydrogen bond bridge between them. This 

process enhances the rigidity of the system up to the point of saturation.      
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Appendix  

Contact Behavior of Soft Spherical Tactile Sensors 
 

INTRODUCT ION 

The need for tactile sensing in robotics has become important because state-of-the-art 

robots are now capable of coming in contact and interact with the environment gently. 

This is more evident in the case of robotic manipulation, where tactile feedback 

provides information that is directly relevant to the task and cannot be easily obtained 

otherwise. For example, a robot can easily and robustly move its hand around an 

object, to grasp it, using tactile feedback to control the robot’s motion and to learn from 

the object. This strategy does not requires knowledge of the exact position of object or 

its shape, which compared to approaches that need this information makes tactile based 

approaches more reliable and flexible. Nevertheless, the use of tactile feedback has been 

limited because the required sensing technology has not been available. There has been a 

large amount of work on designing tactile sensors, some technologies include: optical   

[1], [2], conductive elastomer [3], piezoresistive MEMS [4], [5], nanoparticle sensors [6] 

and carbon nanotube [7]–[10], and pillars  embedded  on  polydimethylsiloxane  

(PDMS)  [11]. A more complete survey of the technologies can be found in [12]. 

However, it is not clear that the data produced is useful because many of these 

technologies have not been tested in actual robots. Consequently, only did a few cases 

of robots guide by tactile feedback have been reported [13]–[16]. 
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Figure 1.    Compliant Tactile sensor. The force applied is estimated detecting the position of the tip of 

the dome. In this paper, we use magnets to detect the position of the tip [17]–[19]. (a) A magnet on the 

tip of the dome and a  circuit  board  with  4  hall  effect  sensors allows  the  position  estimation. (b) The   

position of the vector are estimated using the voltages from the hall-effect sensors. x = f (V1 + V3 − 

V2 − V4 ), y = f (V1 + V2 − V3 − V4 ), and z = f (V1 + V2 + V3 + V4 ). The force is a function of the 

position of the tip [17]–[19]. (c) Array of 4 sensors using magnets. 

 
 
 
 
 
 
 
 

 

 

Figure 2.   Sensitive Robotics platforms. Obrero, GoBot, Caminante, Tactile. All these robots are covered 

with the compliant tacitle sensors that enable their control software. 

 

Sensitive manipulation [13] is a successful approach that demonstrates the effectiveness    

of approaching robotic manipulation using tactile sensing as the primary feedback [13], 

[14], [20].  This approach was enabled  by the development of a compliant tactile sensor 

[17]–[19] that not only does detect the force applied (three dimensional vector) but also 

provides an appropriate physical interface to interact with objects; similarly to the skin in 

humans. These characteristics, that are crucial for robotics applications, were achieved by 

designing the sensor in the shape of a hollow hemisphere of silicone rubber combined 

with electronics components to estimate the dome’s deformation when a force is applied 

(Fig. 1). In order to use these sensors in different applications some characteristics need to 

be modified (Fig. 2). For example, the sensor size to cover a smaller or larger area, or the 

sensor operational range to work on a robot’s foot (sensitive walking [21]). In this paper, 
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we develop finite element models of the compliant tactile sensor to predict its behavior 

when its physical parameters are changed. These models, validated with experimental 

data, allow us to design sensors suited for a given application. 

BACKGROUND 

Bioinspired design studies biological structures, their func- tions, and their mechanisms 

in order to stimulate new solu- tions [22]–[24]. The bioinspired solution does not 

intend to exactly reproduce the original system. That is the case of that tactile sensor that 

we analyze [17], which was inspired by the functionality of the ridges on the human 

finger [25]–[27]. The structural functionality and the sensing mechanism of a ridge in the 

human skin is not fully understood and is still being studied [28]. However, it is accepted 

that the human skin com- prises of soft layers; namely the epidermis, and the dermis, and 

the subcutaneous tissue, which function as hyper-viscoelastic nonlinear materials [12],  

[29],  [30]  (See Fig. 3).  The skin has ridges and a number of receptors. Two of them are 

the Meissner’s corpuscles and Merkel’s disks, which are located in and between the 

papillary ridges respectively. Meissner’s corpuscles senses dynamic pressure and 

Merkel’s disk detects static pressure. When forces are applied to the skin these ridges 

deform and the receptors estimate the applied forces [31]–[33]. From the previous 

description, two main ideas were taken to design the tactile sensor [17]: the compliant 

behavior of the skin, and the role of the ridges to detect applied forces. 
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Figure 3. (a)  Schematic  view  of  human  skin  cross-section  showing  the location of various 

mechanoreceptors of the skin. (b) View of the Merkel that senses patterns and textures through spatial 

deformation and sustained pressure stimuli. (c) View of the Meissner that senses low frequency vibrations by 

temporal change in skin deformation. Both of them are located below epidermis under the papillary ridges 

where deformation of the ridges changes their conformations [34]. 

 

The sensor considered in this work tries to capture some of the characteristics considered 

necessary for robotics tasks. The sensor does not intend to emulate precisely the 

mechanisms and structures of the human skin. The characteristics relevant to this paper 

are the compliant behavior and the force sensitivity enabled by the material and the 

structure of the sensor. 

The compliant behavior of the sensor is essential in providing high sensitivity because 

flexible materials with low elastic modulus are capable of providing significant and 

detectable deformations under small amount of forces. Not only does low modulus of 

elasticity increase the sensitivity but also promotes the contact between the sensor and 

touched objects, and enhances the ability of maintaining the contact even if the angle of 

contact changes. Because of the importance of this compliant behavior in human skin; 

experimental models of the fingertip elasticity have been developed [35]. 

The  main  role  of  the  tactile  sensor  is  to  estimate  the applied force. An effective 

sensor needs to estimate all the components of the force applied (normal and shear), 
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and respond independently of the shape of the object that comes in contact. These 

features are not common in available tactile sensors for robotics. These two requirements 

can be achieved by the sensor geometry. The geometry of the sensor to analyze is a 

hollow hemisphere that behaves as a ridge. This geometry is inspired in the human skin 

ridge but it does not intend to emulate its behavior fully. A basic advantage of ridges 

respect to flat bulk surfaces is its greater sensitivity to normal and lateral forces as 

explained in Appendix A. This fact has been exploited by several types of tactile sensors 

that use flexible, non-hollow, ridges of different geometries [11], [27]. However, hollow 

structures (shells) can also be used as a ridge whose rigidity is controlled by the ridge’s 

geometry [36]. Among all different kinds of shell geometries, the spherical shell, used in 

the sensor analyzed in this paper [17]–[19], has a unique property. The initial contact 

between an object of arbitrary shape and a sphere is at a point. This small area of contact 

concentrates the stress deforming the shell, which makes the sensor highly sensitive to 

contact with arbitrary shapes. The relation between the force applied and the behavior of 

the sensor will be analyzed in Section III. 

The behavior of a spherical shell when interacting with an object is not understood 

completely. Many researchers have studied the elastic contact of different bodies with a 

spherical object [37]–[39]. Hertz was the first to study the mechanics of contact between a 

full elastic sphere/ellipsoid with another full sphere of unequal diameter [37]. Using 

Hertz’ solution and dimensional analysis, the elastic response of the contact between a full 

sphere and a flat plate has been characterized by Equation 1 [38]. 

𝐹 ≈ √𝑅𝐸𝑒
3

2                                                                                                                         (1) 
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where, E is the modulus of elasticity, R is the radius of the sphere, e  is the displacement 

of the pushing plane and  F is the force applied by the plane. This equation shows that the 

rigidity of the spherical body increases (hardening) as the plane pushes downward. This 

behavior is valid for a spherical shell if the force applied by the plane is far less than 

critical force Fc defined in Equation 2. 

𝐹𝑐 ≈
𝐸𝑡3

𝑅
                                                                                                                               (2) 

where t  is  the  thickness of  the  shell. When F < Fc   the elastic behavior of the spherical 

shell is not different from a full elastic sphere. However, for the force larger than Fc , 

Equation 1  is not valid because buckling occurs and shell forms a dimple (hollow 

inverted cap) due to increasing elastic energies in  the  area  where the  spherical shell  

touches the flat plate [38], [40]. Pogorelov considered a thin shell sphere subjected to a 

localized inward point load [39]. He showed that the rigidity of the spherical shell 

decreases as the point load pushes it downward. The displacement, e, of the point under 

the force F when the e > t, was calculated by, 

𝐹 ≈
𝐸𝑡

5
2

𝑅
𝑒

1

2                                                                                                                           (3) 

 

Figure 4.    Finite element simulation strategy. Three spherical shells with the radii, R, of 4.5 mm, 7.0 

mm and 9.5 mm are simulated. (a) Contact of a flat plate. (b) Contact of a cylinder (a/ R  = 0.25).  The 

normal force,  FN , is exerted by pushing vertically up to 60% of the spherical shell radius. The shear 

force, FL , is exerted by moving the spherical shell horizontally up to 50% of its radius, after pushing 3.0 

mm vertically. 
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However, the elastic response of a soft spherical shell is not fully understood, and it is not 

possible to completely analyze the contact with objects of different sizes. In this study we 

investigate the response of a sensor, made of a soft spherical shell, in scenarios that are to 

robotics applications. Based on the mechanical response of the shell the normal and shear 

forces applied are estimated. The assumptions for this study are stated in Section III. 

MATERIALS AND METHODS 

We develop finite element models of the compliant tactile sensor described in Section III-

A. The models are validated with experimental data and used to design sensors with 

different characteristics. The sensor models and the actual tactile sensor are tested with 

two types of objects that represent the most common cases in robotics applications. One 

object has a small area of contact and represents elements such as points and edges. The 

other object has a large area of contact and represents surfaces with small curvature. The 

response to normal and shear forces is determined by moving the object with trajectories 

that are perpendicular and parallel to the base of the sensor. 

Compliant Tactile Sensor 

The compliant tactile sensor that we are studying consists of a spherical hemisphere shell 

(dome) made of silicon rubber [Fig. 1(c)]. The position of the top of the dome is tracked 

by using an embedded magnet and four Hall Effect sensors in the base of dome as shown 

in Fig. 1(a). The sensors are arranged in a 2 by 2 matrix with orthogonal axis [Fig. 1(b)]. 

The height of the magnet (axis z) is estimated by summing up the output of all the Hall 

Effect sensors. The displacements in the direction of the columns (axis y) and the rows 

(axis x) are measured by subtracting the rows and columns readings respectively. These 
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measurements are easily mapped to the actual positions of the magnet.  The relation 

between the position of the dome’s tip and the force applied is used to study the response 

of the sensor. Because the position of the magnet can be estimated in three dimensions, 

the sensor is capable of estimate normal and shear forces. A complete detail of this sensor 

is presented in [17]–[19]. 

Sensor Modeling 

To study the behavior of the sensor, three-dimensional models of the dome with thickness 

of 0.5 mm and radii of 4.5 mm, 7 mm  and 9.5 mm  were implemented were implemented 

using ABAQUS [41] (Fig. 4). 8-node linear brick, reduced integration elements were 

used to mesh these models. This element showed better convergence performance for the 

geometry of the sensor. The bottom surface of the sensor is fixed in all directions as the 

boundary condition. In each case, the loads on the sensors were applied by two different 

objects: one was a small cylinder with a radius equal to 25% of the sensor radius, and the 

other was a flat circular disk with a radius of 10 mm, which is greater than all the radii 

(Fig. 4). Two types of load were exerted on the sensor; normal and shear. For the normal 

loads, each object pushes up to 60% of the sensor radius. For shear loads, first the object 

was pushed 3 mm downwards and then moved horizontally in about 50% of the radius of 

the sensor. Linear and nonlinear elastic finite element methods were used to model the 

mechanical behavior of the sensor. In the first model, the material used for the geometry 

was assumed to be isotropic, linear elastic with the modulus of elasticity, Poisson’s ratio 

and a   density of   1.5   MP a,   0.45 and 1100 kg/mm3, respectively. In the second 

model, the non- linear Ogden model, in which the strain energy density is expressed in 

terms of the principal stretches, λi , was used. 
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𝛹 = ∑
𝜇𝑖

𝛼𝑖
(𝜆1

𝛼1 + 𝜆2
𝛼2 + 𝜆3

𝛼3)𝑁
𝑖=1                                                                                          (4) 

where, N, μi and αi are material constants. According to [42] and [43] excellent 

convergence between theoretical and experimental results are achieved when N = 3 with 

the material parameters showing in Table I. 

Experimental Validation 

In order to validate the models described in Section III-B we use the experimental setup 

shown in Fig. 5. We started the experiments by vertically pushing the pole of a 

hemisphere silicone rubber (4.5mm radius and 0.5mm thickness) at the constant loading 

rate of 1mm/min to ensure process was under quasi-static conditions [Fig. 5(a)]. The 

forces were separately exerted by two cylindrical probes with radii of 1.2mm (25% of the 

sphere radius) and 10mm. The force-displacement results from the indentation were 

recorded using the 1 N load cell of an Instron machine. In order to measure the shear 

force, the two probes were glued to the pole of the specimens separately and after 

pushing 3mm vertically, they moved horizontally at the constant speed of 1mm/min [Fig. 

5(b)]. 
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Figure 6.   Comparison of the experimental data and simulation results. The horizontal axes are 

normalized by the radius of the spherical shell. (a) Normal load applied by the small cylinder. (b) Normal 

load applied by the flat plate. (c) Shear load applied by the small cylinder. (d) Shear load applied by the 

flat plate. 

 

 

Predicting Behavior for Sensor Design 
 

The validated models are used to design sensors with specific characteristics for a given 

application. In this case we have used the models to predict the response of sensors with 

different radii (4.5 mm, 7.0 mm, and 9.5 mm). Sensors of different radii are needed in 

different sections of a robot. For instance, sensors with increasing radii are used to 

covering a robot hand, arm, and chest. In general, the change in radii is a tradeoff 

between covering larger areas and spatial resolution. 
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RESULTS AND DISCUSSION 
 

Sensor Response to Objects with Different Geometry 
 

Experimental results have been used to verify the validity of the Ogden and linear elastic 

models for modeling the sensor. The simulation and experimental results of the loads 

applied by the small cylinder and flat disk are compared in Fig. 6(a) and (b) for normal 

loads and in Fig. 6(c) and (d) for shear loads. The horizontal axes are normalized 

displacements, which are the ratio of the displacement to the sensor radius, and the 

vertical axes are the forces applied by the indenters. Despite of the nonlinear behavior of 

the silicone rubber, the linear elastic model can simulate the mechanical behavior of this 

material satisfactorily. This shows that the geometric nonlinearity which associates with 

the change of modulus of elasticity due to geometry change dominates and, material non- 

linearity which comes from the nonlinearity of the constitutive law does not have 

significant effect on the results. The reason can be found from the fact that when the 

strain remains small, constitutive laws can be linearized and the material can be 

considered as linear elastic, and when deformations are small, geometrical nonlinearity is 

negligible [38]. In this case, the displacements are not small and the geometric 

nonlinearity appears in the results. However, the strains of the elements mostly are not 

large and the material almost responses like a linear elastic material. Consequently, in the 

simulations, we have used a linear elastic model to study the effects of geometric 

nonlinearity of the system. 

Fig. 6(a) indicates that spherical shell elastic response to the normal loads has three 

regimes. The first regime starts from the moment of contact up to the moment that the 

base of the cylinder entirely touches the spherical shell. In this region the elastic response 

is almost linear and the transition from this stage to the next stage occurs at a deformation 
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close to 1.2 times of the thickness. The second regime is a transition between the first and 

third regime, in which the cap of the sphere is transmitted from a cap to a dimple 

(inverted cap). In this stage, the spherical shell shows maximum resistance against the 

deformation until the compression stress reaches a level that provides enough energy for 

changing the con- formation of the cap to a dimple. In the third regime, the sensor forms 

a dimple. This new conformation has less rigidity than the first one and shows almost 

linear response to the normal loads. The overall behavior of spherical shell under these 

forces is similar to that of point contact, which follows Equation 3 (Elastic modulus 

reduction). Fig.  6(b) shows that  in  the  process of  applying normal forces by a flat disk, 

unlike what we have discussed in the background, the top part of the sensor stays in 

contact with the flat plate and the configuration does not turn into the inverted cap. This 

is due to the large thickness to radius ratio (around 10%) and the low elastic modulus of 

the silicone rubber that cannot provide enough stresses for buckling of the cap. Therefore, 

the results do not show significant changes in the geometry of the sensor during loading 

process and the elastic response to such a large force still follows Equation 1 (Elastic 

modulus growth). 

Fig. 6(c) shows that during the shear loading applied by a small cylinder, one side of the 

sensor undergoes tension and increases the probability of buckling and instable response, 

while the other side bends [Fig. 8(c)]. In spite of changes in the geometry of the 

hemisphere in this type of loading, the elastic response is almost linear. 

Fig. 6(d) shows that applying shear loads with a flat plate on the hemispherical shell, 

also, results in an almost linear response. Due to pre-compression caused by the pushing 

flat plate, the probability of getting an instable response decreases. 
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Figure 7.   Simulation results for sensors with different radii. (a) Normal load applied by the small cylinder. 

(b) Normal load applied by the flat plate. (c) Shear load applied by the small cylinder. (d) Shear load 

applied by the flat plate. 

 

 

Effect of the Sensor Radius 

 

Fig. 7(a) shows the force-displacement curve for normal loads applied by the small 

cylinder on the sensors with different radii. The spherical shells with the greater radii 

show more relative rigidity in the first region of the loading process. It should be noted 

that higher rigidity results in less sensitivity of the sensor because greater force is needed 

to deform the sensor. The spherical shells with greater radii have greater ratio of the 

radius to thickness (slenderness ratio) and buckle, in the second regime. Hence the 

response is less stable due to sudden change in the shape and stiffness of the system. In 

the third region, all the spherical shells show almost linear response with the same 

rigidity. Considering all the factors we have discussed regarding the normal load applied 

by the small cylinder [Fig. 8(a)], the mechanical response of a spherical shell to this kind 
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of forces is nonlinear and the sensors with smaller radii show more sensitivity and stable 

behavior, and are able to detect higher force. 

Fig. 7(b) indicates almost linear response of the spherical shell to the normal force 

exerted by the flat disk. This type of contact is stable even for the conditions with great 

ratio of the radius to thickness. Sensors with greater radii show less sensitivity and are 

able to detect higher forces [Fig. 8(b)]. 

The results of shear loads on the sensors applied by the small cylinder and flat disk are 

presented in Fig 7(c) and (d), respectively. The elastic response of the sensor applied by 

the small cylinder shows that in the early stage of loading, the sensor with greater radius 

shows less sensitivity. As the forces increase the sensor with the radius of 4.5 mm shows 

almost a linear and stable response because the configuration of the sensor doesn’t 

change drastically. However, for the sensors with greater radii the elastic response 

becomes more nonlinear due to significant change in the shape of the sensors. In the 

loading process, one side of the sensor undergoes great tension and the other side bends 

dramatically. The part in tension of sensors with greater ratio of radius to thickness 

buckles and leads to instable response. These results indicate that the spherical shell with 

smaller radius shows overall linear and stable responses with smaller maximum loads. 

The shear loads applied by the flat disk shows almost linear response [Fig.  7(d)]. These 

results imply that the sensitivity of the sensor decreases for the sensor with greater radius. 

The elastic response of the sensor to this type of load is stable even for the sensor with 

high ratio of radius to thickness. 
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Figure 8.  Contours of Mises stress in the spherical sensor with a radius of 9.5 mm (a) the normal load 

applied by the small cylinder (b) the normal force applied by a flat disk (c) the shear force applied by small 

cylinder (d) the shear force applied by flat disk. 

 

 

CONCLUSION 

 

In this project we studied, experimentally and numerically, a compliant tactile sensor 

made of silicon rubber with spherical shell geometry. This bioinspired sensor has crucial 

character- istics for robotics applications and has been tested in actual robots that perform 

sensitive manipulation. The characteristic studied in this work is the capability of 

estimating normal and shear contact forces independently of the object’s geometry. The 

geometries used to test the sensor were a flat disk and a small diameter cylinder. These 

geometries represent small curvature surfaces and sharp edges that are typically found by 

a robot when performing manipulation. A model of the sensor was developed and 

compared with experimental results. The comparison shows that a linear elastic model of 

the spherical silicone rubber shell can simulate the mechanical response of the system 

reasonably well, because geometrical nonlinearity dominates the overall behavior. This 
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model was used to predict the effect of changing the sensor radius, which is needed to 

design sensors for different applications. These applications include smaller sensors for 

fingertips, and larger sensors for a robot’s forearm. The results of the simulations indicate 

that an increase in radius of the sensor increases the relative stiffness of the system and 

results in less sensitivity [Figs. 6–8]. Since the sensors with greater radii (same thickness) 

have more slen- derness ratio, they are less stable and buckling occurs during the loading 

process. The force response caused by penetration of the small cylinder is found to be 

highly nonlinear because of the changes in the geometry [Figs. 6(a) and 8(a)] whereas the 

results for the flat disk are almost linear [Figs. 6(b) and 8(b)]. This implies that the sensor 

with smaller radius has more sensitivity and higher probability of showing linear 

behavior in contact with objects. The results of shear loads indicate that the elastic 

response to such forces is almost linear. The response of the sensor is appropriated for 

robotic applications such as sensitive robotics where force detection is more important 

than force fidelity and a monotonic response is enough in most practical cases. Finally, 

the model developed enables the design of compliant tactile sensors whose characteristics 

can be modified for a given application. 
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