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Abstract 
 

A MOLECULAR SCALE STUDY OF CAVITATION GROWTH AND SHOCK RESPONSE 

IN SOFT MATERIALS  

Khandakar Mahmud, PhD 

The University of Texas at Arlington, 2020 

 

Supervising Professor: Dr. Ashfaq Adnan 

Cavitation is a mechanism through which small vapor-filled cavities are formed in a liquid 

medium due to rapid changes of pressure. In liquid, the cavitation bubble is created when 

surrounding pressure drops below the saturation vapor pressure. Here, cavitation formation due 

to shock wave is considered. The molecular level heterogeneous and homogenous cavitation 

mechanisms and bubble growth kinetics in soft gelatin hydrogel and water has been studied. 

Gelatin, which is derived from collagen, is frequently used as a brain simulant material. As such, 

the morphology of gelatin is very different from water. In the heterogeneous cavitation study, 

using molecular dynamics simulation, the pressure requirement for nanoscale cavitation to grow 

in water and gel has been investigated. The results show that a gel-like structure requires higher 

pressure for the cavitation to grow, and both gel and water models exhibit a strain rate effects on 

the cavitation threshold pressure. The results also suggest that the cavitation collapse time is 

dominated by the viscosity of the medium. During the homogeneous cavitation study, the same 

model in the absence of preexisting bubble is stretched by volume-controlled stretching at six 

different strain rates. It is quite interesting to note that while critical tensile pressure for 

homogenous bubble nucleation of gel-like model is higher than the water at lower strain rates, at 
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higher strain rate the critical pressure is quite similar, thus empirical relation cannot be obtained 

at much higher strain rate. The cavitation formation rate governs by the viscosity of the medium. 

In the second part of the study, ECM components such as Perineuronal net (PNN) which is one 

of the most prevalent components that surrounds the neuronal cell has been used to analyze the 

mechanics under shock loading. Assessment of the damage efficiency of the PNN molecules at 

different conditions such as shock speed, preexisting bubble, and boundary conditions have been 

considered.  The change of the bonding morphology which is responsible for the stability of the 

secondary structure of the protein molecules of the PNN has been analyzed to evaluate the 

damage level. 
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Chapter 1:  

Introduction  

1.1 Cavitation phenomena: Study the possible cause of neuronal damage 

Cavitation initiates in a liquid or soft material when the pressure drops below the saturated vapor 

pressure. Soft materials like gelatins are formed when interconnected collagen or collagen-like 

molecules form a cellular network in bulk water. A slight change in the applied pressure can 

collapse a cavitation bubble and induce high pressure to the adjacent cells to initiate damage. 

Damaging capabilities of collapsing cavitation bubbles are well known. For example, severe 

erosion damage to propeller blades of a sea vehicle can occur due to the high-energy cavitation 

bubble collapse over the blade surface. By the same mechanism, implosions in fluid-filled 

biological systems such as soft tissues or the brain may experience significant damage[1].  

 

Recently, understanding the cavitation mechanisms in soft materials gained attention due to its 

potential implication in biomedical related applications [2],[3],[4],[5].  Soft materials such as 

gelatin hydrogels are widely used as a brain simulant material [6],[7],[8]. Besides, the stiffness 

and other physical properties of gelatin gel can be tuned by changing the gel concentration in 

aqueous solution. Recently, reasonable structural similarities are observed between the gel 

network and the brain’s perineuronal net (PNN)[9]  (Figure 1-1 A, B). A high-resolution cryo-

SEM image shows that a gelatin microstructure consists of both crystalline and coil like 

amorphous part (Figure 1-1C), where the crystalline part is made of collagen-D periodic 
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microfibrillar structure [10], and the coil part, found only at the network junction,  is composed 

of amorphous collagen chains.  

 

Cavitation mechanisms are widely studied for water [11],[12],[13], and fairly well understood. 

However, the cavitation mechanism in the biological soft matter is not explored well. Cavitation 

in the gel is complicated to analyze because biological soft materials are labile and semisolid, 

and exhibit nonlinear elastic deformation [14]. Moreover, the interfacial tension between water 

and gel network may play an important role, which, in turn, may affect cavitation mechanics. At 

the molecular scale, the affinity of amino acid residue with water is complex because different 

residues have different types of interactions with water, namely hydrophobic, hydrophilic, and 

charged (positively or negatively).  In the solution of gelatin, the crystalline collagen may 

interact with three types of water molecules - (a) free bulk water, (b) bound water that interacts 

with the gelatin surface,  and (c) structural water that is trapped within gelatin molecules stabilize 

the triple helix [15].  In the continuum scale, surface tension and viscosity of gelatin gel are not 

constant, rather, they depend on gelation time and concentration [16]. Due to these structural and 

chemical instabilities and time-variant material properties, accurately predicting cavitation 

pressure for gel be very challenging.  
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Figure 1-1 (A) Schematic illustration of perinuronal net (PNN) of central nervous system (CNS) 

(adapted from  figure 1 of [17]) (B) schematic of gelatin network model  (adapted from figure 4 

of [9]) (C) Cryo-SEM image of 10% (w/w) gelatin gel with 0.5% mg/ml cross linking agent 

(adapted from figure 3 of [9]) 

 

Liquid water can sustain the applied negative pressure until it reaches critical pressure for 

cavitation. Classical nucleation theory predicts the critical negative pressure for cavitation in the 
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range of  -140 MPa to -160MPa at room temperature[18],[19],[20]. However, experimentally 

maximum negative pressure can be reached -140 MPa in the Berthelot tube method [21]. Other 

experimental studies observed the critical pressure around -30 MPa using acoustic cavitation[22], 

shock wave techniques[23], and the method of artificial trees [24]. The experimentally observed 

negative pressure is far from the theoretical value, the reason behind this apparent discrepency of 

critical pressure requirement needs to be investigated.  

Critical cavitation pressure requirement depends on several factors such as temperature, 

viscosity, surface tension, and cavitation time or strain rate. Among them, surface tension and 

temperature play a major role. The other two factors,  viscosity and strain rate has been ignored 

due to an insignificant impact on critical cavitation pressure [18].  Very few studies explored the 

effect of strain rate on critical cavitation pressure of liquid water[12],[25], and soft biological 

materials [26]. Interestingly, Stan et al. [12]  found that at the higher strain rate the bubble 

growth velocity is not sufficient to relax the tension, which causes more than three times higher 

negative pressure for bubble growth at 10 times higher strain rate. However, Fisher [18] 

proposed that strain rate effect is negligible, from the analytical model he found that the critical 

cavitation pressure changes only 1.58 times while the cavitation time ratio had changed of 

1033order, this claim does not necessarily depict that at all strain rates the change in the critical 

cavitation pressure is linear.  Moreover, the viscous effect on the critical cavitation pressure has 

been ignored. Viscosity arises from both intermolecular and intramolecular electrostatic, Van der 

Waals force, and mechanical entanglement among the gel chains[27]. The critical contributing 

factors such as surface tension, rigidity, and viscosity affect the cavitation critical pressure. 
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Surface tension depends on the thermal history of gelatin, the percentage of triple helix content 

in gel, concentration[28], and gelation time [29]. Quenching after full denaturation of gelatin it 

makes hard for the coil to form a triple helix, therefore surface tension increases, because the coil 

has higher surface energy than triple helix. So thermal history is an important parameter to 

consider while characterizing a gel solution. At the same time as time progresses the triple helix 

content increases, irrespective of different concentrations of the solution. As a result, surface 

tension decreases as the gelation time increases [26]. Apart from the chemical conformation of 

the medium, the physical morphology of the bubble surface affects the value of surface tension. 

The surface tension of a perfectly flat surface is higher than the spherical surface [30]. 

 

The viscosity of gelatin is an important parameter that influences the mechanics of gel solution at 

different conditions. Viscosity at different concentrations can be correlated exponentially, at 

lower concentration (1 to 3%), the viscosity of gel does not change significantly, however, at 5 

or above viscosity increases at a higher rate. The viscosity of gel significantly higher than pure 

water, intermolecular cohesive interaction is the key contributing factor for increased viscosity in 

gel [27]. Here, several interatomic forces those contribute to the increased viscosity of Gel 

discussed:  

1. Electrostatic forces between oppositely charged ions (between mainly -COO- and 

−NH3+). 

2. Ionic-dipole forces (e.g. between -COO- on one chain and,−NH2 on the other; or 

between −NH3 + and -COOH). 

3. A Hydrogen bond between acceptor and donor (e.g. >C=0 and H-N<.) 

4. London forces, between the apolar side-chains. 
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5. Mechanical entanglements between the long chains as found with apolar polymers in 

ideal solvents. 

 

Empirical correlation of rigidity of the gelatin solution at the different concentration, average 

molecular weight, and temperature has been found ([31]) :  

𝑛𝑛1/2/𝑐𝑐 = 1.22 х 10−4(𝑀𝑀𝑤𝑤 − 3.1 х 1010 𝑒𝑒−7900/𝑅𝑅𝑅𝑅) 

Where, n, modulus of rigidity, C, concentration, 𝑀𝑀𝑤𝑤, is the average molecular weight of gel in 

solution. In a general variation of rigidity and viscosity depends on the same factor except for 

some fundamental difference: All the ionized side-chains of gel molecules will contribute to the 

viscosity, whereas the rigidity will be determined solely by those few side-chains that form 

intermolecular salt bridges [27]. 

 

1.2 Shock induced Damage of PNN: 

 

Perineuronal nets (PNN) is an interconnected net-like structure which consists of three major 

biomolecules, such as Lectican, Tenascin-R, and Hyaluronan. The Lectican family of the 

chondroitin sulfate proteoglycans (CSPGs) is the most prominent in PNN of the Central Nervous 

System (CNS), which consists of a Core Protein (CP) with covalently connected negatively 

charged Glycosaminoglycans (GAGs) side chains [32]. Tenascins are globular proteins, which 

bind to the C-terminal domain of CP. Hyaluronan (HA) is an unsulfated GAG that is synthesized 

at the cell surface by the membrane-bound enzymes called HAS and protrudes through the plasma 

membrane into the extracellular space [33]. Hyaluronan binds to other ECM molecules via N-
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terminal hyaluronan binding domains, including CP and various link proteins (LP) such as 

cartilage link protein, Ctrl1, and brain-derived LP such as Bral1 and Bral2 [34].  

 

Absence of PNN in the neuron may cause a severe problem, sometimes aberrations in their 

molecular structure also affect the functionality of the neuron. For instance, researchers have found 

decreased densities of PNN, or PNN with degraded morphology, in the brain areas responsible for 

complex cognitive functions, such as the frontal cortex and entorhinal cortex, in subjects with 

Alzheimer disease (AD), suggesting that neurons with PNN alterations might be vulnerable to cell 

death [35]. PNN loss in AD may contribute to altered excitatory/inhibitory balance, synaptic loss, 

and increased susceptibility to oxidative stress [32]. Although, the trivial risk was found for 

veterans who had a mild TBI [36]. Some studies have also suggested that TBI is associated with 

an earlier onset of AD [37]. Veterans with severe TBI were 4 times more likely to have AD, 

whereas veterans with moderate TBI were twice as likely to have AD in late-life compared with 

controls [36]. 

 

The shock wave has the potential to break PNN in the presence of nano-bubbles, studies have 

shown that shock velocity and cavitation bubble size affect the fracture potential of PNN [5]. The 

higher shock speed and bigger bubble size are more damaging. Several studies have been 

conducted on the effect of the shock wave on the transport phenomena, deformation strain, and 

degradation of lipid bilayer [38]–[40]. However, the deformation mechanism of the PNN 

component due to shock wave has not been studied yet. The morphological degradation of PNN 

due to shock waves can cause several diseases and alter the action potential by damaging the 

synapse. Several components of PNN such as proteoglycan, tenascin-R, link protein, and 
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hyaluronan are vulnerable to structure altercation, among them hyaluronan which is the backbone 

of PNN more prone to damage [5].  

 

In this study, different junctions of PNN which are noncovalently bonded are studied to assess 

their relative strength. There are three interfaces among different components of PNN, such as 1. 

link protein (LP) Core Protein (CP) of proteoglycan (PG), 2. Tenascin-R (TR) and CP, 3. LP and 

Hyaluronan (HA). The relative strength of the junctions has been evaluated to figure out the 

weakest junction among the molecular interfaces of the PNN. Afterward, damaging efficiency of 

the shock wave propagation through the PNN model has been studied. 

 

1.3 Motivation for work:  

1.3.1  Feasibility of cavitation in GEL 

Cavitation mechanism in water is well understood [11][12][13]. Few studies are available on 

cavitation of soft viscoelastic materials such as gelatin [7], polyacrylamide hydrogels[41],  etc. 

Wonmo Kang et al.[7] observed that cavitation pressure sharply rises in 1 % gelatin solution 

when compared with pure water (Figure 1-2). It has been hypothesized that the rise in cavitation 

threshold in the gel is due to the higher surface tension, preexistence thermal residual stress, and 

nonspherical bubble formation in the gel. There might have other reasons such as interfacial 

tension, stiffness of gel fibril, and material properties such as Density, viscosity, and surface 

tension that may play a critical role during growth and collapse of the bubbles.  

 



9 
 

 

Figure 1-2 The critical acceleration corresponding to cavitation nucleation at room temperature 

as a function of gelatin concentration (weight per volume percentage, gram/milliliter) [7]. 

 

1.3.2  Shock induced damage of PNN 

Impact load during a car accident at 30 MPH generates a G force around 30g, NFL player during 

the collision may experience as high as 150g, similarly, soldiers impacted by improvised bomb 

blast may experience severe g force. A Human being can survive around 46 g force without any 

major damage. The acceleration profile of a collision is shown in Figure 1-3a, the rapid 

deceleration is fatal. Roughly, 90 to 100 g-force causes concussion (Figure 1-3b). Concussion, sub 

concussions, and exposures to the shock waves from the explosive blast can cause Mild traumatic 

brain injury (mTBI) [36].  
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The initial blast-generated shock wave profile features a sudden increase in pressure, often referred 

to as overpressure, followed by a low magnitude long-range negative pressure tail [42]. For 

example, the major ingredient in RDX (Royal Demolition eXplosive) can generate an initial 

overpressure of over 27 GPa [43]. The long-range negative pressure tail causes damage to the 

Extra-Cellular Matrix (ECM) and neuronal cells by forming micro cavitation [42] and mechanical 

fracture of different biomolecules [4], [5]. The overpressure generates a compressive load which 

may cause shear fracture of biomolecules. The blast-induced damage is schematically illustrated 

in Figure 1-4. Perineuronal net (PNN) is an important component of ECM which Give 

Neuroprotection, regulate synaptic plasticity, and protect neuron cell from Oxidative stress. 

Therefore, the investigation of the behavior of PNN under shock loading is important.   

 

 

 

a 
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Figure 1-3 (a) Acceleration profile in materials due to the shock wave. Rapid deceleration is 

fatal. (b)Average G values at different conditions 

 

 

b 
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Figure 1-4  (a) shock-induced damage flow path in the human body [44] (b) schematic 

illustration of blast injury  [43] 

blast Shock wave blood in human 
cardiovascular system

kinetic energy of blast 
transferred into 

hydrualic energy in 
cardiovascular system

A rapid physical 
movement or 

displacement of blood

Rushing through blood 
vessels to the low 

pressure areas of the 
body

noncontact. remote 
injury to distant 

organs or tissues (TBI 
and PTSD)
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1.4 Objectives and Outline of the thesis   

1.4.1 Cavitation in GEL 

The objective of this study is to determine the underlying molecular mechanism of cavitation in 

water and gel-like soft materials. It has been found experimentally that cavitation pressure in 

gelatin gel is higher than that in water (Figure 1-2), however, the exact mechanism of cavitation 

is still unclear. The goal of this study is to investigate the possible cavitation mechanism in 

gelatin by atomistic simulation. The physical properties of liquids such as surface tension, 

viscosity, and density play a vital role in the bubble dynamics. Evaluation of these important 

properties is the key to determine the underlying cavitation mechanics in water and gel-like 

materials.  Cavitation growth in the presence of a preexisting bubble is called heterogeneous 

cavitation and in absence of it called homogeneous cavitation. Determine the critical pressure for 

the homogenous and heterogeneous cavitation and the associated mechanism is the key 

objective. Other simulation parameters such as strain rate may affect the critical pressure.      

The research goal is to fulfill the following objectives:  

• Compare the bubble dynamics in water with GEL 

• Measure the pressure needed to enable cavitation in water and GEL 

• Evaluate the bubble collapsing mechanism 

• Differentiate the homogenous and heterogeneous cavitation mechanism in GEL and 

water 
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1.4.2 Shock Induced Damage of PNN 

PNN is a protective net-like structure that has significant function on neuronal activity such as 

neurotransmission, charge balance, and generate action potential. Shock induced damage of this 

essential component may cause neuronal cell death and potentially leads to CTE, AD diseases, 

PTSD, etc. The shock generated during an accident, improvised bomb blast, or during the 

collision of NFL players may lead to damage to this safety net. The goal is to investigate the 

mechanics of PNN under shock wave. To understand the mechanics of PNN, mechanical 

properties of different PNN components such as glycan, GAG, and protein need to be evaluated.  

Average pressure experienced by different components at different shock speed is one of the key 

parameters to access the damage criteria of PNN. The effect of the preexisting bubble may 

enhance the damage by producing shock jet in the system. Therefore, in this study effect of the 

preexisting bubble, speed of shock wave and boundary condition of the PNN has been taken into 

account to access the damage criteria and mechanism.    

The research goal is to fulfill the following objectives:  

• Evaluate the deformation strength of PNN components and interfacial strength between 

PNN components. 

• Investigate the pressure profile of the components at different shock speed 

• Finding out the damage efficiency of a shock wave at different speeds and access the 

failure mechanism 
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1.4.3 Outline of the thesis  

In this study, two different but integrated topic is discussed. At first, the physics of bubble 

growth and collapse in a molecular scale for water and gel-like model is investigated. Both 

homogenous and heterogeneous cavitation is discussed. Secondly, the damage mechanism of the 

shock wave to the essential ECM components such as PNN has been studied. In Chapter 2, the 

methodology of bubble growth and collapse simulation is presented. In addition to the simulation 

protocol, the fundamental mathematics of atomistic simulation and different force fields have 

been discussed briefly. In the later part of this chapter, gel-like model building methodology, 

simulation and post-processing protocols are discussed. In Chapter 3, the results of bubble 

dynamics are presented and discuss the physics of heterogeneous and homogenous cavitation. In 

chapter 4, the building methodology of the PNN model and protocol of shock simulation is 

presented and post-processing methodology is discussed. In Chapter 5, the results of the 

mechanical strength of PNN components and shock simulation are presented and discussed. 

Finally, In Chapter 6, the conclusion of the findings is presented and possible outline of future 

work is proposed.     
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Chapter 2:  

Methodology: Cavitation in Gel 

 

2.1 Molecular dynamics (MD) Simulation:  

MD simulation mimic what atoms do in real life, atoms of different types of materials maintain 

potential energy function. The energy function allows the calculation of the force experienced by 

any atom given the positions of the other atoms. Newton’s second law of motion tells how the 

forces will affect the motion of the atoms.  During the MD simulation process, the solver 

numerically calculated the position of each atom in every timestep. Timestep (δ𝑡𝑡) should not 

exceed more than 2 femtoseconds. Equation (2-1) and (2-2) shows the straight forward numerical 

solution for the position of each atom at a given time for a forcing function. It is known, forcing 

function, F(x) = −∇U(x), a function of potential energy, the potential energy is evaluated from 

the interaction potential of different atoms.   

 xi+1 = xi +  δ𝑡𝑡vi  

 

(2-1) 

 vi+1 =  vi+1 + δ𝑡𝑡F(xi )/ m (2-2) 

 

Detail discussion of the MD algorithm is out of the scope of this research, if the reader wants to 

learn more about MD algorithm and statistical mechanics can refer to this reference [45].  
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2.2 Force field for biomolecules 

Several Force Fields (FFs) are widely used that have rigorously determined parameter sets for 

aqueous protein simulations—the CHARMM [46], AMBER [47], GROMOS [48], OPLS [49], 

and ReaxFF [50] FFs are among the best known. In this work, CHARMM36 FF and ReaxFF 

force field are used, because those have been used in many aqueous protein solution dynamics. 

In molecular dynamics simulations, at femtosecond time interval the positions of the atoms are 

updated, the positions are determined based on the forcing functions that include bonded and 

nonbonded interaction [51]. All the biophysical FFs mentioned above use a similar potential 

energy function for the energy calculations except ReaxFF. ReaxFF is a reactive force field 

where bond breakage is taken into account. In this study, the ReaxFF force field is used for those 

molecules failure or fracture analysis are needed, otherwise, CHARMM36 forcing potential is 

used.  

 

2.2.1 CHARMM36 force-field:  

The potential energy function in the CHARMM FF is 

 

 

 

(2-3) 
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The CHARMM36 force field contains bonded and nonbonded interaction potentials. The 

CHARMM36 forcefield potentials define the optimum values of the bond, angle, dihedral, and 

improper angles and their coefficient.  

 

Bonded Interactions: Different bonded interactions are presented in Figure 2-1. Bonds are 

described by a harmonic potential 𝑉𝑉𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 (R) with an equilibrium distance 𝑅𝑅𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 and a force 

constant of 𝐾𝐾𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 (Eq (2-4)). Bonded particles are somewhat closer to each other than 

neighboring nonbonded particles. To represent chain stiffness, a weak harmonic potential 𝑉𝑉𝑎𝑎𝑏𝑏𝑎𝑎𝑎𝑎𝑎𝑎 

(θ) is used for the angles. The equilibrium angle remains at 𝛳𝛳0 degrees (Eq(2-5)). Dihedrals 

represent conformational flexibility in biomolecules and the energy of rotation around a covalent 

bond. In Figure 2-1C, 𝜙𝜙 is the angle between the plane containing the first three atoms in the 

dihedral and the plane containing the last three. The ``multiplicity'' n is typically 1, 2, or 3, 

although for a small number of cases two or three terms with different values of n are provided 

for the same atom types (Eq (2-6)). The final bond-like terms in the parameter file are impropers, 

which are used exclusively and explicitly in the molecular topology to maintain planarity. As 

such, the harmonic form of the improper angle with a large spring constant and typically zero is 

used to restrain deformations among an atom and three atoms bonded to it. As with 

dihedrals, 𝛹𝛹 is the angle between the plane containing the first three atoms and the plane 

containing the last three (Eq (2-7)) [52]. 
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Figure 2-1 Bonded interaction: (A) Bond between two atoms, (B) Angle between three atoms, 

(C) Dihedral angle between four atoms and (D) Improper-dihedral angle of four atoms [52]  

 

 

 
𝑉𝑉𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏(𝑅𝑅) =

1
2
𝐾𝐾𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏(𝑅𝑅 − 𝑅𝑅𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏)2 

(2-4) 

 

 
𝑉𝑉𝑎𝑎𝑏𝑏𝑎𝑎𝑎𝑎𝑎𝑎(𝛳𝛳) =

1
2
𝐾𝐾𝑎𝑎𝑏𝑏𝑎𝑎𝑎𝑎𝑎𝑎[cos(𝛳𝛳) − cos(𝛳𝛳0)]2 

(2-5) 

 

 
𝑉𝑉𝑏𝑏𝑑𝑑ℎ𝑎𝑎𝑏𝑏𝑒𝑒𝑎𝑎𝑎𝑎(𝜙𝜙) =

1
2
𝐾𝐾𝑏𝑏𝑑𝑑ℎ𝑎𝑎𝑏𝑏𝑒𝑒𝑎𝑎𝑎𝑎[1 + cos (n(𝜙𝜙 − 𝛿𝛿)]2 

(2-6) 

 

 
𝑉𝑉𝑑𝑑𝑖𝑖𝑖𝑖𝑒𝑒𝑏𝑏𝑖𝑖𝑎𝑎𝑒𝑒(𝛹𝛹) =

1
2
𝐾𝐾𝛹𝛹[Ψ−Ψ0]2 

(2-7) 

 

A 

B 

C 

D 
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Non-bonded Interactions: Lennard-Jones (LJ) 12-6 potential energy function is used to 

describe the non-bonded interaction which is called Van der Waals interactions, with 𝜎𝜎𝑑𝑑𝑖𝑖 

representing the closest distance of approach between two particles and ϵij the strength of their 

interaction Eq (2-8). Van der Waals interactions are truncated at the cutoff distance. A smooth 

switching function is used to truncate the Van der Waals interaction at the cutoff distance. A 

graph of the van der Waals potential with this switching function is shown in Figure 2-2 A. 

If switching is set to off, the van der Waals energy is just abruptly truncated at the cutoff 

distance, so that energy may not be conserved. 

  

Figure 2-2 Non-bonded interaction: (A) Van der Waals interactions (B) Electrostatic interactions 

 

The handling of electrostatics is slightly more complicated due to the incorporation of multiple 

time-stepping for full electrostatic interactions. There are two cases to consider, one where full 

electrostatics is employed and the other where electrostatics are truncated at a given distance. 

First let us consider the latter case, where electrostatics are truncated at the cutoff distance. Using 

this scheme, all electrostatic interactions beyond a specified distance are ignored, or assumed to 

be zero. If switching is set to on, rather than having a discontinuity in the potential at the cutoff 

distance, a shifting function is applied to the electrostatic potential as shown in Figure 2-2 B. As 

A B 
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this figure shows, the shifting function shifts the entire potential curve so that the curve intersects 

the x-axis at the cutoff distance. 

 

ULJ(r) = 4ϵij[(
𝜎𝜎𝑑𝑑𝑖𝑖
 r

)12 − (
𝜎𝜎𝑑𝑑𝑖𝑖
 r

)6]  (2-8) 

 

 U𝑎𝑎𝑎𝑎(r) =
q𝑑𝑑q𝑖𝑖

 4πϵ0ϵ𝑒𝑒r
 (2-9) 

 

2.2.2 ReacxFF: 

A fundamental assumption of ReaxFF is that the bond order 𝐵𝐵𝐵𝐵𝑑𝑑𝑖𝑖′  between a pair of atoms can be 

obtained directly from the interatomic distance 𝑟𝑟𝑑𝑑𝑖𝑖  as given in equation (2-10) and plotted in 

Figure 2-3. Equation (2-10) consists of three exponential terms: (1) the sigma bond (𝑃𝑃𝑏𝑏𝑏𝑏,1 and 

𝑝𝑝𝑏𝑏𝑏𝑏,2) which is unity below ∼1.5 Å but negligible above ∼2.5 Å; (2) the first pi bond (𝑃𝑃𝑏𝑏𝑏𝑏,3 and 

𝑝𝑝𝑏𝑏𝑏𝑏,4) which is unity below ∼1.2 Å and negligible above ∼1.75 Å, and (3) the second pi bond 

(𝑃𝑃𝑏𝑏𝑏𝑏,5 and 𝑝𝑝𝑏𝑏𝑏𝑏,6) which is unity below ∼1.0 Å and negligible above∼1.4 Å. For details on force 

field energy calculation, you may refer to this paper [50] by Van duin et al.  

 

 
𝐵𝐵𝐵𝐵𝑑𝑑𝑖𝑖′ = 𝑒𝑒𝑒𝑒𝑝𝑝 �𝑃𝑃𝑏𝑏𝑏𝑏,1 �

𝑟𝑟𝑑𝑑𝑖𝑖
𝑟𝑟𝑏𝑏
�
𝑖𝑖𝑏𝑏𝑏𝑏,2

� + 𝑒𝑒𝑒𝑒𝑝𝑝 �𝑃𝑃𝑏𝑏𝑏𝑏,3 �
𝑟𝑟𝑑𝑑𝑖𝑖л

𝑟𝑟𝑏𝑏
�
𝑖𝑖𝑏𝑏𝑏𝑏,4

�

+ 𝑒𝑒𝑒𝑒𝑝𝑝 �𝑃𝑃𝑏𝑏𝑏𝑏,5 �
𝑟𝑟𝑑𝑑𝑖𝑖лл

𝑟𝑟𝑏𝑏
�
𝑖𝑖𝑏𝑏𝑏𝑏,6

� 

(2-10) 
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Figure 2-3 ReaxFF:  Interatomic distance dependency of the carbon−carbon bond order [50]. 

 

2.3 Models for mechanical property evaluation  

2.3.1 Building Gel Like model 

Collagen structure (Protein Data Bank identification code 3HR2) used for this study is obtained 

from the author of this work [53] .  The Homology modeling approach is adopted to build the 

protein model using modeler software. The collagen triple helix is 3000Å in length and ~15 Å in 

diameter. Only part of the full triple helix of 200Å length collagen molecule is taken simply by 

editing the PDB file. A hexagonal array of microfibril like structures has been built by placing 

seven triple helices at six corners of the hexagon and one in the center point of a hexagon by 
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using UCSF chimera protein visualization software [54]. To replicate a hydrogel like structure 

the microfibril structure is further edited to remove few alpha 1 and alpha 2 chains from the 

triple helix. The mid 100Å along the length direction is more of like coil and 50Å from both ends 

is more like the micro-fibril like structure (Figure 2-4).  

 
Figure 2-4 Gel Model (A) Full model of gel fibril (B) Cross-sectional view of fibril (C) 

Individual coil profile 
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2.3.2 Atomistic model of Gel-like structure for cavitation study 

The cavitation simulation model is designed by simply copying the gel-like microfibril model at 

different positions of the box (211× 211× 165). While placing the gel-like model some rotation 

and translation is applied by UCSF chimera. All models are solvated by TIP3P water using 

CHARMM-GUI [52] Solvator. Two models are created of the same box dimensions, where the 

percentage of collagen is 10.4 % w/w, and 0% w/w respectively (shown in Figure 2-5). Bubbles 

are created by deleting some water molecules in the middle of the box of 50Å radius.  

 

 

Figure 2-5 Models for cavitation study (A) Gel like model (B) Water 

 

2.4 Mechanical Property evaluation 

2.4.1 Mechanical Strength of Gel like structure 

The mechanical property is evaluated of collagen molecules by steered molecular dynamics 

(SMD) simulation at different scales such as single coil, double coil, triple helix, and gel-like 
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structure (Figure 2-6). Each structure is 100 Å in length except the gel like structure. To maintain 

constant strain rate gel like structure is pulled at twice as much as the triple helix pulling 

velocity. In SMD approach constant velocity is applied for all cases, with appropriate spring 

constant (Figure 2-6C). All the SMD simulation is carried out at the NVT ensemble at constant 

strain rate.   

 

Figure 2-6  Collagen profile at different scale (A) collagen segmented profile (Triple helix, 

double helix, coil) (B) Gel-like structure for our model to study cavitation (C) SMD pulling 

approach for strength determination 

 

2.5 Cavitation study 

For cavitation study, isostatic pressure is applied by applying a constant volume expansion rate. 

Rate dependency on cavitation pressure is examined by the application of volume expansion at 

two different strain rates (X and 2X). Bubble radius is measured by the ovito “construct surface 

mesh” tool at different timesteps. The movement is restricted to the end chain c-alpha atom 

A 
B 

C 
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during the cavitation study and uniform deformation is applied to the water molecules only. 

Stress/atom is calculated to measure the pressure. Stress/atom gives the value of (stress x 

volume) in each direction for each atom, dividing by volume of each atom gives us the exact 

amount of virial stress. Global pressure, P = (Pxx + Pyy + Pzz)/(3 × V), where Pxx, Pyy, and Pzz 

is the summation of stress/atom value for all atoms in x, y, and z direction respectively and V is 

the summation of each atom’s volume in the system. For volume measurement, the voronoi cell 

is created around each atom using Voro++ package [55] which is compiled in LAMMPS. 

 

2.6 Simulation parameters  

The interatomic potential has been adopted from the CHARMM force field [51] and the 

simulation is carried out by LAMMPS [56] and GROMACS [57] open-source software package 

on TACC supercomputer (STAMPEDE2 and Lonestar5). For visualization of LAMMPS 

trajectory file OVITO [58] and VMD [59], visualization software is utilized. MATLAB is used 

for data analysis.  

All models are equilibrated for sufficient time until the potential energy became stable in 

isothermal-isobaric (NPT) ensemble, where Nose-Hoover thermostat is applied to equilibrate at a 

constant temperature, and Nose-Hoover barostat is applied to equilibrate pressure to zero (ATM). 

Lenard jones pair style is used with standard inner and outer cutoff. Long-range coulombic 

interactions are computed by pppm style which invokes a particle-particle particle-mesh solver 

which maps atom charge to a 3d mesh, uses 3d FFTs to solve Poisson’s equation on the mesh, 

then interpolates electric fields on the mesh points back to the atoms. A Periodic boundary 

condition is applied at all three directions.   
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Chapter 3:  

Mechanical stiffness and cavitation pressure correlation 

3.1. Mechanical Strength of gel like structure 

For the stretching simulation, triple helix, double helix, single coil, and gel-like structures are 

pulled at a constant strain rate. After equilibration, constant velocity is applied along the 

longitudinal direction. The gel-like structure and triple helix shows maximum and minimum 

shrinkage respectively during equilibration. The required pull force is evaluated by the MD 

simulation study (SMD approach), where constant velocity is applied from one end, and another 

end remained fixed. The schematic is shown in the inset picture of Figure 3-1. The Average 

cross-sectional area is analyzed by Fiji ImageJ [60] image processing software.  

 

The results are reported in Figure 3-1, it has been found that triple helix is the stiffest among the 

configurations tested. The triple helix is the coiled-coil structure which gives it more stiffness as 

compared to other configurations tested. Double helix got intermediate stiffness since it is a 

metastable structure, during simulation double helix can retain the coiled-coil configuration that 

gives additional stiffness although lower than the stable triple helix configuration. The gel-like 

structure behaves more like the coil structure while pulling at the beginning it shows more 

stiffness than the coil. The gel-like structure end (which is pulled and fixed) is more like a triple 

helix, therefore, shows similar stress-strain trend as the triple helix at the toe region, however 

after the stress is transferred to the weakest part that is the coil-like structure, it behaves like the 

coil structure. Because of this discrepancy modulus is calculated from 0.04 to 0.14 strain value 

for both the coil and gel-like structure.  
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Figure 3-1 stress strain comparison of coil, double helix, triple helix and Gel like structure  

 

3.2. Heterogenous Cavitation  

3.2.1 Bubble growth  

It is known that when a pure liquid, such as water, is allowed to expand at a constant rate, at 

some point, a tiny void (or many voids at the same time) will form inside of the pure liquid. The 

equilibrium is maintained through the balance of surface tension and the applied tensile 

(expansion) pressure. In the cavitation community, the tensile pressure is often referred to as 

negative pressure. In the absence of vapor pressure, the equilibrium equation for the stable 

bubble is[61] 
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 2S𝑎𝑎𝑑𝑑𝑙𝑙
R

+ P𝑐𝑐𝑎𝑎𝑐𝑐|𝑎𝑎𝑑𝑑𝑙𝑙 = 0 
(3-1) 

 

Where, P𝑐𝑐𝑎𝑎𝑐𝑐|𝑎𝑎𝑑𝑑𝑙𝑙 = required far-field pressure for a stable bubble in a pure liquid, S𝑎𝑎𝑑𝑑𝑙𝑙=surface 

tension of the liquid, and R= stable bubble radius. 

 

The presence of a network in gel consumes additional strain energy that must be overcome for 

the growth of the cavitation. As such, the required cavitation pressure in gel P𝑐𝑐𝑎𝑎𝑐𝑐|𝑎𝑎𝑎𝑎𝑎𝑎 would be 

higher than P𝑐𝑐𝑎𝑎𝑐𝑐|𝑎𝑎𝑑𝑑𝑙𝑙. Qualitatively, this relation can be written as  

 

 2S𝑎𝑎𝑎𝑎𝑎𝑎
R

+ P𝑐𝑐𝑎𝑎𝑐𝑐|𝑎𝑎𝑎𝑎𝑎𝑎 = 0 
(3-2) 

 

Where, P𝑐𝑐𝑎𝑎𝑐𝑐|𝑎𝑎𝑎𝑎𝑎𝑎 = P𝑐𝑐𝑎𝑎𝑐𝑐|𝑎𝑎𝑑𝑑𝑙𝑙 + P𝑐𝑐𝑎𝑎𝑐𝑐|𝑏𝑏𝑎𝑎𝑡𝑡𝑤𝑤𝑏𝑏𝑒𝑒𝑛𝑛, where, P𝑐𝑐𝑎𝑎𝑐𝑐|𝑏𝑏𝑎𝑎𝑡𝑡𝑤𝑤𝑏𝑏𝑒𝑒𝑛𝑛 is the pressure equivalent of the 

additional strain energy (bending, tensile, and torsoinal) [62] associated with the gel network 

deformation and Sgel, is the surface tension of gel.   

 

Once the bubble is nucleated, it then continues to grow as long as the condition for bubble 

growth is maintained. Here, the molecular level cavitation growth phenomena in water and gel-

like structures have been studied. The gel model is built on four collagen fibrils that are arranged 

in a network forming architecture and immersed in water molecules. The fibrils are placed at the 

top and bottom surface of the model (Figure 2-5A). The gel-like structure has approximately 

10.4 % (w/w) collagen molecule. To simulate cavitation growth, a uniform hydrostatic tensile 



30 
 

(negative pressure) stress is induced to the system by increasing the system volume at a strain 

rate of X=6.7 × 109 s-1 and 2X=1.35 ×1010 s-1, respectively. The application of the uniform tensile 

pressure implies an overall increase in the system volume. Note that system volume (𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠𝑡𝑡𝑎𝑎𝑖𝑖) 

includes water volume (𝑉𝑉𝑤𝑤𝑎𝑎𝑡𝑡𝑎𝑎𝑒𝑒), the bubble volume (𝑉𝑉𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎= 4
3
πR3) and gel network (𝑉𝑉𝑏𝑏𝑎𝑎𝑡𝑡𝑤𝑤𝑏𝑏𝑒𝑒𝑛𝑛), 

as written below 

 

 𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠𝑡𝑡𝑎𝑎𝑖𝑖 = 𝑉𝑉𝑤𝑤𝑎𝑎𝑡𝑡𝑎𝑎𝑒𝑒 +  𝑉𝑉𝑏𝑏𝑎𝑎𝑡𝑡𝑤𝑤𝑏𝑏𝑒𝑒𝑛𝑛 + 𝑉𝑉𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎 

 

(3-3) 

 

The cohesive energy between water molecules always tries to maintain equilibrium water 

density. Since the gel network is immersed in water, it will not expand during the system 

expansion. As such, during system expansion, water will initially expand but eventually, the 

system expansion will become proportional to bubble volume expansion or bubble growth. The 

results are shown in Figure 3-2 for the X strain rate. It has been found that the presence of the 

collagen network requires additional pressure to grow cavitation in the “gel” system when 

compared with cavitation bubble growth in the water model (Figure 3-2A), density variation 

follows the same trend as pressure (Figure 3-2B). The process, in principle, supports Eqn.(3-2). 

To discuss the molecular mechanisms in detail, the bubble growth process is divided into three 

distinct regions (See Figure 3-2C).  

 

Region 1: (0-12 ps) Here, the growth rate is very slow. Note that the cavitation is created by 

introducing a new surface (i.e. by removing a water sphere from the center of the rectangular 

system). As such, two opposing forces simultaneously act – (i) a favorable expansion force that 
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tends to grow the bubble, and (ii) a surface tension force that tends to shrink the bubble. These 

two competing forces are strong at the beginning; hence, the velocity of bubble growth is very 

low. As the bubble grows further, the surface tension effect starts to become less dominant. 

When the bubble crosses the threshold pressure, a sharp rise in pressure is observed. At this 

stage, the velocity of bubble growth is maximum (Figure 3-2 C) 

 

Region 2: (12-25 ps): In this region, there is a sharp rise of negative pressure where the work 

input by volume expansion overcomes the opposing force due to surface tension. The rise in 

pressure is more pronounced in water than gel because gel is nearly three times more viscous 

than water (see Table 3.1). The viscosity of water and gelatin system is measured; the 

methodology is described in “Appendix B: Viscosity Measurement” of supplementary materials. 

The study of viscosity measurement is well fitted with the empirical correlation (second-order 

polynomial) of viscosity and concentration, studied by Cumper et al. [27]. It has been noticed 

that the magnitude of negative pressure in the water near the end of region 2 reduces to its initial 

value (-20MPa).  The bubble volume to box volume ratio in this region is the highest, therefore, 

a decrease in tensile pressure is observed. Shortly afterward, it gradually starts to become stable. 

 

Region 3: (25-60 ps): In this region, the bubble growth rate is stable for both the systems. It is 

observed that pressure fluctuates at higher frequencies in water. The oscillatory nature of 

pressure fluctuation can be explained from the structural dynamics point of view. It has been 

discussed the dynamics of the bubble in “section 3.2.2” in more detail. Moreover, in this region, 

the sphericity index of the bubble (Figure 3-2D) in the gel system deviates from the water 

bubble, which gives us an indication of bubble network interaction.   
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Figure 3-2 Bubble growth phenomena in water and gel like structure (A) Pressure fluctuation 

during cavitation growth. (B) Density variation (Exclude cavity volume during density 

calculation). (C) Cavitation radius (D) Cavitation sphericity index. 
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Table 3.1 the input values of surface tension, viscosity initial radius and density 

 

Model  Surface 
tension(N/m) 

Initial radius of 
bubble (Å) 

Viscosity  
Pa.s x 10-3 

Density (g/cm3) 

Gel  0.0976 95.35 0.684 1.05  
Water  0.0557 95.16 0.321 1.02 
Water 
experimental 

0.07 [63]  0.896[64] 0.99 

Simulation 
Result from 
literature for 
TIP3P water 

0.0523[65] 
at 300K 

 0.321[66] 
at 298K 

1.002 
at 298K 

 

 

From the pressure plot comparison shown in Figure 3-2A, it is observed that the gel-like model 

requires higher negative cavitation pressure than the water only model. It has been hypothesized 

that there are three possible reasons for higher cavitation pressure in the gel than water. First, 

even though the gel network does not initially deform during the application of hydrostatic 

tension to the gel system, the presence of interfacial attraction between the collagen molecules 

and water (not present in pure water model) requires higher pressure to grow bubble in the gel 

system. Second, the bubble growth may require additional force for deforming the gel network. 

Third, surface tension and viscosity of gels may play additional roles.    
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Figure 3-3 Interfacial tension between water and collagen molecules 

 

To support the first hypothesis, an additional simulation has been conducted with the gel model 

where the interfacial tension between the collagen molecules and water was turned off during the 

simulation. By comparing the pressure-time relation of this model with the original gel model, 

the effect of interfacial tension between the collagen molecules and water can be obtained. The 

results are plotted in Figure 3-3. For a complete comparison, the pressure history of pure water is 

also included in Figure 3-3. It can be observed that the critical pressure for cavitation bubble 

growth in the pure water is somewhere in between the pressure for cavitation bubble growth in 

the gel with active and inactive interfacial tension. In particular, the critical pressures for these 
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systems (water and gel in inactive interfacial potential) are recorded as -93 MPa and -78 MPa, 

respectively. On the other hand, when the interfacial tension is active, the critical pressure is 

about -101 MPa. When the interaction potential between water and collagen molecule is turned 

off, in principle, the interface region transforms to potential sites for cavitation nucleation. As the 

hydrostatic tension forces are applied, the threshold pressure goes down because of the absence 

of interfacial tension between water and collagen molecules. When the interfacial tension is 

active, the applied hydrostatic tension load is shared by the collagen network and water. It can be 

observed from Figure 3-4 that although deformation tension is applied to water molecules of gel, 

at peak pressure point (7.1 ps), the hydrostatic pressure on the collagen network reaches to 

minima (around -78 MPa). As such, it requires higher threshold pressure to grow bubbles in the 

gel system.  It can be inferred from the critical pressure comparison that the interfacial tension 

between water and gel-network has a storng influence on the critical pressure for bubble growth.   
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Figure 3-4 Tensile pressure in the gel network 

 

 

The mechanisms of bubble growth for gel, gel without interfacial tension, and water can be 

visualized from the simulation trajectory. From the images, it can be observed that the bubble 

starts to grow uniformly and radially outward. Interestingly, the surface profiles of a bubble 

appear to be different from a perfect sphere. It has been argued that a bubble will retain a near-

spherical shape when it grows in bulk water. Its shape will deviate from a spherical geometry 

when it experiences resistance from the surrounding gel network. To capture the geometric 

evolution of the bubble in water and gel, the real-time surface area of the simulated bubble of 
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radius r with the surface area of a spherical bubble with the same radius r is compared.  This 

ratio is referred to as Sphericity Index Ψ. It has been calculated Ψ using the following 

formula[67] :  

 

 
Ψ = π

1
3(6 Vc )2/3

Ac
      

(3-4) 

   

Where 𝑉𝑉𝑐𝑐 is the volume of the cavity and 𝐴𝐴𝑐𝑐 is the surface area of the cavity. For the perfect 

round cavitation its value is 1, when it deviates from its spherical shape the sphericity index 

decreases. Note that at the beginning artificial cavity is created, which is perfectly round, 

therefore at the beginning of deformation (0 ps) sphericity index ~1, however, when deformation 

starts the bubble shape sharply deviates from the perfect spherical configuration, both in gel and 

water. It can be observed from Figure 3-2D that the sphericity indices of bubbles in water and gel 

are nearly the same up until 25 ps.  It implies that the bubble interacts only with the surrounding 

water until 25 ps. The strain energy effect of the network comes into play only after 25 ps. It can 

be noticed in Figure 3-2A that pressure reaches its minimum value at around 12 ps. It means, 

when the pressure drops to the minimum value (~12 ps), the bubble surface does not interact 

with the collagen molecules, as evident from Figure 3-2D. It implies that the strain energy in the 

form of bending, tensile, and torsion of collagen molecule is not responsible for higher cavitation 

pressure at this regime.   

 

To justify the second hypothesis, we have estimated the pressure on collagen molecules only. We 

have found that when the bubble starts interacting with the collagen molecules  (at 25 ps) to 

grow further, it needs to overcome the resistance arising from the deformation (predominantly 
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bending) of the gel network. It can be observed that (Figure 3-4) collagen molecules experience 

higher tensile pressure (negative slope) after 25 ps although the tensile pressure in the overall 

system is less tensile. It can be inferred that as time progresses from 25 ps and onward, the 

bubble growth mechanism transitions from affine to nonaffine [68] implying the network 

elasticity starts contributing. Form the mechanical strength correlation (Figure 3-1) at different 

conformation shows the elastic properties of collagen molecules at different structural 

conformations. It can be noticed that the stiffness of the gel-like structure is about 0.53 GPa.   

 

To validate the effect of surface tension on cavitation pressure, the surface tension values of gel 

and water model are estimated. It has been found that the surface tension of the gel is about 

0.097 N/m whereas the surface tension of water is 0.056 N/m. Although the reported 

experimental surface tension value of gelatin is less than our simulation results, it is known that 

the surface tension of gelatin is not a static value, rather it decreases with the gelation 

process[16]. The simulation of the gelation process is out of the scope of molecular dynamics 

study, therefore, it can be assumed that the measured surface tension is static during bubble 

growth and collapse process studied here. Nevertheless, the higher surface tension values in the 

gel system imply more pressure is required to cavitate in the gel (See Appendix A: Surface 

Tension Measurement). Although, the measurement of the surface tension is carried out for a 

perfectly flat surface, whereas the bubble surface is spherical. The approximation of the values of 

surface tension may induce error for the bubble growth process. Curvature depended surface 

tension can be calculated from the following equation[69][70]:  

 

 γ(R) = γ∞(𝟏𝟏 − 𝟐𝟐δ/R)      (3-5) 



39 
 

 

Here γ∞, is the surface tension for a flat surface and δ is the Tolman length, for different water 

models the Tolman length constant ranges from 0.5 Å to 1 Å [71], considering maximum length 

constant 1 Å for a 50Å bubble in water, surface tension γ(R) comes out 0.055 for water, whereas 

for gel 0.095. Considering flat surface induces below 2% error. Therefore, in this research 

surface tension of a flat surface is considered for the calculation. Surface tension is one of the 

minor factors to affect the critical pressure as compared to other major factors such as viscosity 

and rigidity of the collagen molecules. It should be also noted that the morphology of the 

molecular systems has been studied is heterogeneous. However, the continuum theories of 

surface tension discussed here is based on the homogenous system. As such, these theories may 

not be fully applicable to this molecular system. For this reason, a direct comparison of the 

molecular dynamics simulation results with the theory of surface tension may not be feasible.  

 

It is already discussed that in the gel system, the bubble starts to interact with the fibril network 

after 25 ps. It can be noticed from Figure 3-2D. that the sphericity index of the bubble in water 

and gel starts to deviate after 25 ps. It implies that the surface profile of the bubble in the gel is 

affected by the interaction with the gel network. Since such interaction reduces the sphericity 

index of the bubble in gel compared to the sphericity index of the bubble in water, a higher 

bubble surface area is created by the bubble in the gel than the bubble in water. This is because 

the surface area to volume ratio is minimum for sphere. Any reduction in the sphericity index 

will imply a higher surface area when the total volume is fixed. As such, additional energy is 

required to grow the cavitation bubble in the gel. In Wonmo Kang’s work [7], the shape of a 
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preexisting bubble in the gel is predicted as non-spherical. In a way, our simulation at the 

nanoscale justifies Wonmo Kang’s predictions [7] .  

In summary, it can be inferred that the requirement of higher pressure in growing a cavitation 

bubble in the gel is primarily associated with the interfacial interactions between the gel and 

water and the surface tension of gel. The deformation energy of the network does not provide 

significant influence. However, the presence of the network affects the surface area (i.e. the 

sphericity index) of the bubble.  

 

3.2.2 Pressure and cavitation radius damping 

It is apparent from the Eqn ((3-1) or ((3-2) that a stable bubble will maintain its radius if pressure 

is maintained constant. Without losing generality, it can be inferred from these equations that 

small fluctuation in pressure will lead to an oscillation of bubble radii. For example, for the 

typical stable bubble radii commonly found in water, which varies between 1 and 100 μm, the 

natural frequencies are of the order, 5 to 25 kHz[72]. Knowing the frequency of oscillations of 

the bubble with an applied oscillatory pressure has many practical implications. As Brennen 

explained [72], if one plans to create cavitation in water using an acoustic pressure field, then the 

frequencies to most effectively generate a substantial concentration of large cavitation bubbles 

have to be in this frequency range. Another application where this frequency estimate is useful is 

in the design of cavitation damage resistant metallic turbine propellers. It is known that to test a 

metal’s durability against severe cavitation damage, magnetostrictive devices are used to 

oscillate solid material samples in water (or other liquid) at these critical frequencies (kapp). 

Although the oscillation of the bubbles produced in this manner may be highly nonlinear, such 

devices can be very helpful in generating bubble clouds in the fluid.  

https://www.nature.com/articles/s41598-020-66591-9#Equ1
https://www.nature.com/articles/s41598-020-66591-9#Equ1
https://www.nature.com/articles/s41598-020-66591-9#Equ2
https://www.nature.com/articles/s41598-020-66591-9#Equ2
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In order to study this concept further, a study has been performed on bubble dynamics at 

constant system volume. From the MD simulation perspective, when the system volume is fixed 

and a finite temperature prevails in the system, pressure must fluctuate with time due to thermal 

oscillation. To simulation pressure oscillation in this system, after cavitation growth, the volume 

has been kept fixed and determine the pressure oscillation and the natural frequency of cavitation 

for both the water and gel-like models. It is quite interesting to note that pressure fluctuation in 

the water and gel system is similar (Figure 3-5), however presence of collagen dampens the 

oscillation of the bubble volume in gel-like solution.   Strasberg (1953) [73] and Morioka Mikio 

[74] shows that for a nonspherical bubble, it is convenient to write a differential equation of the 

small amplitude, a non-condensable pulsing bubble in terms of the volume pulsation v, as shown 

below:  

 

 md2V
dt2

+ b dV
dt

+ kV = 0 (3-6) 

   

Where, m, b, and k are inertial, dissipation, and stiffness constant. k, is proportional to inside gas 

pressure, in this simulation inside gas pressure is very negligible, therefore it can be omitted the 

third term. Constant b has four components: bvis =viscous dissipation, bth=thermal 

dissipation, brad=radiation dissipation, bph=dissipation due to liquid to vapor phase 

transformation. For this MD simulation study, only viscous dissipation is largely effective, since 

the simulation is conducted at a constant temperature thus thermal dissipation is negligible, there 

is no radiation, and no or negligible vapor phase inside the bubble.  
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 b ≅ bvis =  
µ
πR3 (3-7) 

   

where, µ is the viscosity coefficient 

The natural frequency and damping constant of the bubble are given respectively by  

 
𝑓𝑓𝑏𝑏 =

1
2π

�𝑘𝑘
𝑘𝑘
�1 −

𝛿𝛿2

4
 

 

(3-8) 

   

 𝛿𝛿 = 𝑏𝑏
�𝑘𝑘/𝑘𝑘�  (3-9) 

 

The solution of equation (3-6)comes out: 

 𝑅𝑅(𝑡𝑡) = 𝐶𝐶1 ×  𝑒𝑒
−𝑏𝑏𝑡𝑡
𝑖𝑖 + 𝐶𝐶2 (3-10) 
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Figure 3-5 Tensile pressure in the Oscillation of pressure and radius after the growth stage at 

constant volume (A) Gel, (B) Water 

 

C1 and C2 can be calculated from the boundary and initial conditions. The measured viscosity of 

the gel is almost double than water (See Appendix B: Viscosity Measurement), therefore radius 

damping (Eqn (3-10)) is higher in the gel than water. The simulation results also validate the 

analytical results (Figure 3-5).  

 

A recent publication by Yonatan et al. [75] shows that 20W% Ballistic gelatin (BG) has a 25 

times higher ultrasound frequency damping rate than water. However, the damping due to impact 

force is not that pronounced asserting that a gel-like interconnected network structure potentially 

buffers the stress field. 

 

 

3.2.3 Effect of strain rate on bubble growth 

The effect of strain rate on the cavitation threshold pressure is shown in Figure 3-6. It has been 

found that bubbles at higher strain rate require additional pressure to grow. Stan et al. [12] 

studied cavitation growth by imposing X-ray induced shock wave and found that decompression 

time reduction from 20 ns to 2 ns reduces the cavitation pressure requirement from -30MPa to 

below -100 MPa. Arvengas et al. [25] showed that at the higher acoustic frequency the cavitation 

formation in water requires minimum negative pressure. This study also complies with the 

experimental observation. The system volume has been expanded to grow the bubble for 60 ps 

and 30 ps at X and 2X hydrostatic strain rate for the same percentage of volume expansion in 
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water and gel system and observed higher negative pressure required for the bubble growth at 

higher strain rate.  Figure 3-6  shows the result of the deformation of the gel and water system at 

different strain rates. It has been found that increasing the strain rate decrease the minimum 

threshold pressure by 26 MPa in the gel (Figure 3-6 A). On the other hand, in the water system, 

it decreases 31MPa (Figure 3-6 B). The effect of the strain rate in gel and water is quite similar. 

While comparing the threshold pressure of Gel and Water at 2X strain rate (Figure 3-6 C) the 

difference is only 3MPa, whereas at lower strain rate the difference is 8 MPa, despite the fact of 

higher cavitation pressure in Gel. Moreover, some additional nucleation site is observed in the 

gel system at a higher strain rate.  Figure 3-7A shows the homogenous nucleation of the bubble 

in gel system. Instantaneous formation of very tiny bubbles can be noticed in the gel (Figure 

3-7A) that are absent in water (Figure 3-7B).  

 

Cavitation pressure requires some time to propagate in the gel system (due to higher damping see 

3.2.2) at a higher strain rate until the local pressure reached the homogenous cavitation pressure, 

and homogenous cavitation initiates (Figure 3-7). Time-lapse in the gel system is due to the 

viscous effect. Figure 3-6 D shows the strain at different strain rates for both the gel and water 

models. Volume strain is maximum at a peak pressure for both the systems. The gel strain is 

higher at a higher strain rate, because the peak pressure at the localized region surpasses the 

homogenous nucleation threshold pressure (~150 MPa) [76] of water. Moreover, deformation is 

applied only in water which caused cavitation to form adjacent to gel fibril, due to higher rigidity 

of gel fibril it is reasonable to assume that deformation is mainly applied to the water molecules 

at that time scale and in this region I.  
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Figure 3-6 Strain rate effect on cavitation pressure (A) Cavitation pressure of gel at different 
strain rate (B) Cavitation pressure of water at different strain rate (C) Cavitation pressure 

comparison between water and gel at higher strain rate (D) Volume strain of comparison of gel 
and water at different strain rate. (Bubble growth at higher strain rate up to 30 ps and afterward 

collapse start in lower strain rate bubble grows up to 60 ps and collapse start afterward) 
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Figure 3-7 Cavitation at the end of bubble growth at a strain rate of 1.35 x 10 10 s-1  (A) Gel, (B) 
Water. (For better visualization of the cavity, all the atoms are deleted from the system, 3 fold 

periodic image in each axis) 

 

Minimum threshold pressure reached for water at ~6.2 ps and ~7.4 ps for X and 2X strain rates, 

respectively, whereas for gel it reached 7.1 ps and 7.5 ps for the corresponding strain rates. Both 

the systems are expanded at the same rate and the cavitation radius is almost the same at 

respective times (see Figure 3-2C). The delayed cavitation threshold pressure for gel at both the 

strain rate is due to the higher viscosity of the gel. Interestingly, at a lower strain rate of gel 

minimum threshold pressure reached 1ps after the water at similar dynamic condition, however 

at 2X strain rate critical pressure reached at the same time, which gives us the impression that at 

higher strain rate effect of a network is insignificant to determine the critical threshold pressure.     
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3.2.4 Cavitation Bubble Collapse 

Here, the simulated bubble collapse mechanism has been investigated. The changes of bubble 

radii in gel and water with time have been recorded and plotted, as shown in Figure 3-8.  The 

simulation results are also compared with the well-known Rayleigh-Plesset (RP) Equation[72], 

as shown in Eqn (3-11). 

 − (Pext−Pb)
ρ

= R d2R
dt2

+ 3
2

(dR
dt

)2+ 4η
ρR

dR
dT

+ 2σ
ρR

 (3-11) 

 

Where, R is the bubble radius, Pext the pressure in the liquid, Pbthe pressure inside the bubble, 

and ρ, η, and σ are, respectively, the density, viscosity, and surface tension of the liquid. By 

solving this equation, the radius vs time data is obtained and plotted (Figure 3-8). It can be 

observed that the bubble collapse time obtained from the MD simulation is different from the 

collapse time predicted by the RP equation. There are few reasons for such deviation. The RP 

equation assumes bubbles are perfectly spherical, however, it has been found that bubbles are 

nonspherical (Figure 3-2D). Since the stability of a nonspherical bubble is lower than a spherical 

one, the bubble in the MD study receives more driving force (to minimize energy) to collapse. In 

the RP equation, the thermal term has been ignored, the bubble surface and far-field temperature 

are considered constant. Besides, the liquid density, surface tension, and dynamic viscosity are 

considered constant [77] in the RP equation.  However, based on the observation from the 

simulation data, density does not remain constant over time. It has been observed that (Figure 

3-2B) at the peak pressure, the liquid (water) density starts to decrease from the initial density. 

Since the bubble is nanosized and hardly a few water molecules in vapor state can exist during 

collapse to put significant pressure on the bubble surface, it is reasonable to assume that Pb is 

negligible[11]. It has been estimated the dynamic viscosity by the Green-Kubo method (see 
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Appendix B: Viscosity Measurement) and the surface tension is measured following the protocol 

described by Bhatt et al.[65]. It can be acknowledged that the viscosity of water obtained from 

the simulation is significantly lower than the experimentally measured one[66]. This is possible 

because of the TIP3P water model is used in this simulation[66]. It is interesting to note that in 

the solution to the RP equation for water and gel (Figure 3-8), the velocity is retarded just before 

the collapse. At constant far-field pressure and zero vapor pressure, the RP equation has only two 

competing variables, the viscous term (4η
ρR

dR
dT

) and the surface tension term (2σ
ρR

). The 

instantaneous velocity of the bubble is multiplied in the viscous term but it is absent in the 

surface tension term. Since the velocity increases with time, at some point, the viscous term 

starts to dominate to retard the collapse.    
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 Figure 3-8  Bubble collapse time estimation from RP equation and compare with MD 

result.  

When the collapse time of bubbles in gel and water is compared, it can be observed that the gel 

model requires more time to collapse than pure water. It can be argued that the difference in 

viscosities is playing a major role in the delayed collapse in the gel system. In principle, viscosity 

is inversely proportional to molecular mobility or diffusion. To compare the diffusion of 

different molecules in the water and gel system, it has been estimated the Mean Square 

Displacement (MSD) of gel, water, and water of the gel (excluding the collagen network) as 

shown in Figure 3-9. For a 3D system, the diffusion coefficient is one-sixth of MSD. It can be 
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observed from Figure 3-9 that the MSD of water molecule in a water system is higher than the 

gel system justifying the delayed collapse time of gel. Due to hygroscopic[78] nature of the 

collagen molecule, interfacial water is bound to hydrophilic residues of collagen molecules. For 

comparison, the MSD of water of the gel model is also calculated. Interestingly, in the gel model 

the water losses mobility due to the presence of a collagen molecule.   

 

 

Figure 3-9  MSD of Water and gel model, for comparison MSD of water of the gel model, 

is also shown 
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3.3. Homogenous Cavitation  

The Molecular dynamic simulation was carried out for both of the water and gel models (Figure 

3-10) using charmm36 [51] force field in LAMMPS [56]. The size of the box is the same as the 

heterogeneous cavitation simulation carried out in section 3.2. TIP3P water has been used, which 

is best fitted with charmm36 force field potential. An incremental linear strain is applied at six 

different strain rates which are ranging from x=3.7 x 108  𝑘𝑘−1 to 32x= 1.18 x 1010 𝑘𝑘−1, the focus 

of this study is to evaluate the effect of strain rate on critical cavitation stress. The simulation 

was carried out at constant volume and temperature (310K) using a periodic boundary condition. 

The simulation box was equilibrated at NPT (constant pressure, temperature, and number of the 

molecule) ensemble for 300 ps to minimize potential energy. After that, a constant volume rate is 

applied to measure the critical tensile pressure for cavitation initiation or fracture of liquid.  

 

 

Figure 3-10 Simulation box (a) Water, (b) gel 

 

a b 
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3.3.1 Effect of Strain Rate: 

It has been found that the strain rate affects the critical cavitation tensile pressure to initiate the 

cavitation [79]. Researches have been conducted on critical cavitation pressure of soft materials 

for a strain rate ranges from 10−5 s−1to 108s−1 and found that the cavitation pressure varied 

from 105 to 108 Pa for a bubble size ranges from 10−1 𝑡𝑡𝑡𝑡 105µm  [79]. Critical cavitation 

pressure is proportional to the surrounding pressure and inversely proportional to the radius of 

the cavity  [79]. However, unlike the heterogeneous cavitation strain rate has got a trivial impact 

on the critical cavitation tensile pressure of homogenous cavitation [18]. During the time of 

heterogeneous cavitation, the critical pressure difference is around 30 MPa for a change of strain 

rate only 2 times, whereas in homogenous cavitation for a strain rate change of 32 times critical 

cavitation pressure increased only 37 MPa (Figure 3-11). Although, it is not certain that at all the 

strain rates this critical cavitation pressure change will be the same. There should have a 

threshold value of critical strain rate below which strain rate has got a negligible impact on 

critical cavitation pressure for cavitation formation. Figure 3-11(a, b, and c) shows that in both 

the models at higher strain rate critical pressure is higher and interestingly the gel model requires 

higher tensile pressure for cavitation than the water at a strain rate less than <<8x. Critical tensile 

pressure for both water and gel is measured, the study found that at extremely high strain rate 

critical tensile pressure is almost the same for both the models (Figure 3-11d). The apparent 

discrepancies of the critical homogenous cavitation pressure between water and gel can be 

explained based on the viscosity and MSD value of the two models considered.  Mean Square 

Displacement (MSD) as shown in Figure 3-9  of water model and gel model (separate 

displacement for gel fibril and water molecules) shows that the MSD value at the end of 30ps for 

water model is 33Å, whereas for the water of the gel model it is 30Å, and for full gel model 
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(including gel fibril and water) 27Å. This depicts that in the gel model self-diffusion coefficient 

of water molecules is lower than the water of the water model, therefore we can assume that 

water molecules are strongly bound to the collagen molecules of GEL model. As a result, at the 

time of constant stretching rate, the gel system shows more stiffness than water.  

 

 

 

Figure 3-11 Effect of strain rates on the stress vs strain relation (a) water (b) gel (c) water and 

gel comparison at same strain rate (d) maximum tensile pressure of gel and water at different 

strain rates 

a b 

c d 
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Although the Gel system requires more tensile pressure at the onset of fracture to form 

cavitation, the volumetric strain of water is higher than gel (Figure 3-12 a and b), the previous 

study [80] shows that the interfacial strength of water and collagen molecules in the gel system is 

strong to withstand the additional tensile pressure (Figure 3-3). Moreover, the collagen 

molecules which has got hydrophobic residues [81], those do not interact with water, as a result, 

deformation is trivial for the hydrophobic residues during the volume-controlled stretching, thus, 

does not contribute to the global deformation. As a result in the gel-like model, cavitation 

initiates at a lower volumetric strain. As the strain rate increases irrespective of the models the 

critical volumetric strain goes up (Figure 3-12 b).  At a higher strain rate, bubble formation rate 

is also higher (see section 3.3.3Nucleation rate:), therefore it can be inferred that the localized 

strain increased at a higher strain rate.  

 

Figure 3-12 Effect of strain rates on the critical cavitation strain (a) Volumetric strain at x = 

3.7 x 108𝑆𝑆−1 strain rate (b) Critical volumetric strain at different strain rates  

 

a b 
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3.3.2 Free Energy of Cavitation: Modified Formulation 

Fisher [18] stated that the amount of net work w required  for the reversible formation of 

aspherical bubble of radius r is  

 W = 4л𝑟𝑟2ϒ +  
4
3
л𝑟𝑟3(𝑃𝑃 − 𝑃𝑃𝑏𝑏)                                                      (3-12) 

Where, ϒ= surface tension, 𝑃𝑃𝑏𝑏 is the inside pressure and p is the surrounding pressure. Bubbles 

in nanosize barely contain water molecule in vapor phase therefore 𝑃𝑃𝑏𝑏 is negligible. From 

nucleation theory, it has been found that rate of vapor bubble formation in liquid which is 

subjected to negative pressure P is:  

 𝑑𝑑𝑛𝑛
𝑑𝑑𝑡𝑡

=
𝑁𝑁𝐾𝐾𝑁𝑁
ℎ

exp[−(△ 𝑓𝑓𝑏𝑏∗ +  
16лϒ3

3𝑃𝑃2
)/𝐾𝐾𝑁𝑁]                      

(3-13) 

   

Since fracture initiates when first bubble forms after t seconds, therefore it is reasonable to 

assume that at fracture pressure 𝑃𝑃𝑡𝑡, dn/dt = 1/t , where t is the fracture time. Eqn (3-13) can be 

solved for the fracture pressure 𝑃𝑃𝑡𝑡, 

 
𝑃𝑃𝑡𝑡 =  −�

16л
3

 
ϒ3

𝐾𝐾𝑁𝑁𝐾𝐾𝑛𝑛 �𝑁𝑁𝐾𝐾𝑁𝑁𝑡𝑡ℎ � −△ 𝑓𝑓𝑏𝑏∗
�             

(3-14) 

   

In Eqn (3-13)and (3-14), N= number of molecules, K= Boltzman constant, T= temperature,  h= 

Planks constant, and △ 𝑓𝑓𝑏𝑏∗=free energy of activation for the motion of an individual molecule of 

liquid past its neighbors into or away from the bubble surface.  As stated earlier, the time 

dependency on the first bubble formation of this quantitative equation is negligible, therefore, 
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fisher omitted t and free energy of activation from Eqn (3-15) to get a simplified time-

independent equation to measure the fracture pressure of liquid 𝑃𝑃𝑎𝑎,   
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�                           

(3-15) 

   

However, this study suggests that there is an effect of strain rates on the critical fracture pressure. 

The MD simulation study  (Figure 3-11a and d) suggests that the change of strain rate 32 times 

there is a 28 % increase of critical cavitation pressure for water. On the other hand for the Gel 

model 23.5% increase of the critical cavitation pressure is observed (Figure 3-11b and d) at a 

similar strain rate increase.   

The molecular dynamic simulation results confirm the dependency on strain rate to the ultimate 

tensile pressure for both the models. Recently published work by Wang et al. [20] slightly 

modified the nucleation theory, they have included compressibility to the liquid undergoing 

tensile pressure during cavitation, according to their assumption free energy of the systems 

undergoing tension is equal to  

         ɸ =  𝑉𝑉𝑏𝑏𝑈𝑈𝑎𝑎(𝜀𝜀) +  4л𝑟𝑟2ϒ (3-16) 

where 𝑈𝑈𝑎𝑎(𝜀𝜀) is the elastic strain energy density of the liquid as a function of the volumetric strain 

𝜀𝜀. From Figure 3-11, it has been found that tensile hydrostatic pressure is nonlinear to volumetric 

strain, the pressure strain can easily be fitted to Eqn (3-17) to estimate the K1 and K2.  Figure 

3-11 also depicts that, at different strain rates maximum tensile pressure is different  
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 𝜎𝜎 =  𝐾𝐾1 𝜀𝜀 +  𝐾𝐾2𝜀𝜀2 (3-17) 

 

Where 𝐾𝐾1 is the linear bulk modulus and 𝐾𝐾2 is the second-order modulus for the nonlinear 

behavior at relatively large strains. At T =310 K for different strain rates it has been found that 

different values of linear 𝐾𝐾1 and nonlinear 𝐾𝐾2 bulk modulus, the values are tabulated in Table 

3.2.   By integrating Eqn (3-17) with respect to the volumetric strain, the strain energy density 

function can be found as  

 
𝑈𝑈𝑎𝑎(𝜀𝜀) =

1
2
𝐾𝐾1 𝜀𝜀2 +

1
3

 𝐾𝐾2𝜀𝜀3  
(3-18) 

Volumetric strain and nominal strain is correlated by the following equation  

 𝜀𝜀 =  𝜀𝜀𝑏𝑏 −  4л𝑅𝑅
3

3𝑉𝑉𝑏𝑏
                               (3-19) 

Volumetric strain 𝜀𝜀 is the true strain of the solid materials where bubble volume is excluded. 

Before cavitation formation volumetric strain and nominal strain 𝜀𝜀𝑏𝑏 is the same. Free energy for 

cavitation in terms of nominal strain can be written as  

 ɸ =  𝑉𝑉𝑏𝑏𝑈𝑈𝑎𝑎(𝜀𝜀𝑏𝑏) + △  ɸ(𝑅𝑅, 𝜀𝜀𝑏𝑏)          (3-20) 

where,  

 △  ɸ(𝑅𝑅, 𝜀𝜀𝑏𝑏) = 4л𝑅𝑅2ϒ[1 − 1
3
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]                                                                     

(3-21) 

Here, 𝐾𝐾 = ϒ
𝐾𝐾1 

 ,  First term on the right-hand side of Eqn (3-20) gives the free energy without 

cavitation, while the second term is the change of free energy with cavitation in the same total 

volume, the detail formulation of the second term can be found elsewhere [20]. Although Eqn 
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(3-20) considers surface tension as constant, surface tension depends on the curvature of the 

cavity. For a perfectly flat surface, the surface tension is maximum and for maximum curvature 

of the concave surface, the surface tension is minimum, which depicts that surface tension for a 

smaller cavity is minimum [11][30]. For this present analytical solution, constant surface tension 

of gel and water is considered. The protocol for surface tension calculation is stated in Appendix 

A: Surface Tension Measurement. The surface tension values are taken from Table 3.1.  

Table 3.2 Stiffness coefficient values of water and gel from the fitted data1 

Stiffness  x (GPa) 2x (GPa) 4x (GPa) 8x (GPa) 16x (GPa) 32x (GPa) 
K1_w 1.95 

 
2.025 1.97 1.9 2.06 2.14 

K2_w -5.627 
 

-6.187 -5.175 -5.268 -5.908 -5.908 

K1_g 2.202  
 

2.211 2.317 2.311 2.293 2.368 

K2_g -7.231 
 

-7.249 -8.028 -7.706 -7.166 -7.213 

 

The non-dimensional form of the free energy plot for both the water and gel models are shown in 

Figure 3-13a, and Figure 3-13b. The critical strain is measured for the water and GEL model to 

evaluate the second minima which is the zero free energy value (for R>o) at the X strain rate. At 

the X strain rate, the critical nominal strain value of stable bubble formation minimum free 

energy is different for water and gel. The nominal strain for the stable bubble formation is higher 

                                                           
1 K1_w = linear stiffness coefficient of water  
K2_w= nonlinear stiffness coefficient of water  
K1_g = linear stiffness coefficient of gel  
K2_g= nonlinear stiffness coefficient of gel  
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in the gel than water and the inset plot shows that as the strain rate goes up the critical nominal 

strain for stable bubble formation also decreases.  

 

     

Figure 3-13 critical strain for a stable cavity concerning to free energy change (a) Water (b) 

gel 

The response in stress from an infinitesimal step in applied strain to an equilibrium fluid is called 

stress relaxation function in rheology, the relaxation time is proportional to viscosity and 

inversely proportional to temperature [82]. The gel model is more than two times viscous than 

the water model, therefore the relaxation time is higher in the gel model than the water model.  

This causes the critical strain for the stable cavity to go higher for the gel model than the water. 

This similar logic can be implemented for a higher strain rate of each model, as shown in   

Figure 3-13 a and b. at higher strain rate the critical strain for stable bubble goes down. It has 

been assumed that the zero free energy point as critical strain (0.04 for water at x strain rate). At 

this strain value for X strain rate reaches the zero energy minima, however, at a 32x strain rate at 

the same strain value the free energy is positive, this gives us the impression of free energy 

correlation at different strain rates. The inset plot of Figure 3-13 a and b shows the critical strain 

value for zero energy minima at different strain rates, although trivial change but the increasing 
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trend is observed. In the beginning, cavitation initiates at several points but with time the initial 

cavitation bubble coalescence into a single bubble. In the gel model due to the lower self-

diffusion coefficient of water molecules (Figure 3-9), the coalescence time is higher, so the Gel 

solution reaches the minima at higher strain value than the water model.   

 

3.3.3 Nucleation rate:  

Wang et al. [20] stated that the nucleation rate is proportional to the strain rate or inversely 

proportional to the relaxation time. It is well established that at higher strain rate number of 

bubbles formed will be higher. The present study suggests that in the gel-like model at the 

critical strain point the rate of bubble formation will be higher than the water (Figure 3-15) (for 

strain rate below 2X). The hydrophobic residue of collagen molecules works as an additional 

nucleation site for bubble formation, therefore the probability of the number of bubble formation 

in the gel-like model is higher than the water model. It has been observed that the bubble 

formation initiates mostly near the vicinity of collagen molecules (Figure 3-14a point A). This 

visualization confirms the effect of hydrophobic surface on nucleus initiation. The points A, B, 

and C in Figure 3-14a depicts the corresponding point for fracture, maximum surface area and 

coalescence of multiple bubbles into the single bubble for Gel model, and D, E, F represent for 

water. It is quite interesting to note that the coalescence time (time difference between point E 

and F) for water is 26ps, whereas for gel it is (time difference between point B and C)  190ps.  

The difference of the coalescence time is due to the viscosity and self-diffusion coefficient of the 

water molecules in the Gel model. Although, surface tension plays a role to coalescence the 

bubble at a faster rate for the gel model than the water model, because the gel has a higher 
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surface tension than the water, however, at the nanoscale viscosity plays a major role on the 

bubble dynamics [72].  

   

   

Figure 3-14 Surface area of the bubbles during the volume-controlled strain at (a) x=3.7 x 
108 𝑆𝑆−1 strain rate. Point A and D are the fracture point of GEL like and Water model 

respectively, Point B and E are the peak surface energy point of GEL and Water model, and 
point C and F are the coalescence point of the bubble of GEL and Water model (b) Surface 

area at the critical volumetric strain   

a b 

A B C 

D E F 
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Relaxation time (𝜏𝜏) in Eqn (3-22) is proportional to the viscosity of the medium and inversely 

proportional to temperature [83]. At a constant temperature, viscosity is directly correlated with 

the relaxation time of the medium.  

 𝜏𝜏 = 𝐶𝐶
𝜂𝜂
𝑁𝑁

 (3-22) 

Gel solution has a higher nucleation rate than water at lower strain rate, however above 2x >> 

strain rate, the scenario is different (Figure 3-15). Nucleation rate J is defined as the number of 

nucleation events occurred in a unit volume per unit time,  J  can be correlated by the following 

relationship [72]  

 𝐽𝐽𝑏𝑏 = 𝑁𝑁( 2𝑆𝑆
л𝑖𝑖

)
1
2,    𝐺𝐺𝑏𝑏 = 𝑊𝑊𝐶𝐶𝐶𝐶

𝐾𝐾𝑅𝑅
, 𝑊𝑊𝐶𝐶𝑅𝑅 = 16л𝑆𝑆3/3𝑃𝑃2, and  𝐽𝐽 = 𝐽𝐽𝑏𝑏𝑒𝑒−𝐺𝐺𝑏𝑏 (3-23) 

 

Where N is the number density of the liquid (molecules/𝑘𝑘3), 𝐺𝐺𝑏𝑏 is the ratio between work 

required 𝑊𝑊𝐶𝐶𝑅𝑅 to form cavitation and kinetic energy (𝐾𝐾𝑁𝑁). Nucleation rate above 2x is no more 

governed by the hydrophobic nucleation site of the collagen molecules rather it is severely 

impacted by the number of molecules present in the system, 𝐽𝐽𝑏𝑏 is a function of N. It is very 

unlikely that cavitation will grow inside the Collagen molecules, therefore number density of 

water molecules in the Gel model is lower than the water model. At these strain rates (2x >>), 

viscosity plays a critical role.  
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Figure 3-15 Number of nucleation site formed at the fracture point 
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Chapter 4:  

Methodology: Shock effect on PNN  

 

4.1. Modeling of PNN Structure 

Perineuronal-net (PNN) is a protective ECM component that surrounds the neuronal cell (Figure 

4-1a). The basic building block of PNN includes Hyaluronic acid (HA), Proteoglycans (PG), 

Tenascin-R (TR), and Link Protein (LP) (Figure 4-1b).  Proteoglycan consists of Core Protein 

(CP) and Glycosaminoglycan (GAG) chains connected to the core protein via a glycosidic 

covalent bond. GAG chains of the CP are negatively charged, therefore these GAG side chains 

help to balance the charge distribution of neuronal cell. These small GAG chains have less 

contribution to the mechanical stiffness of the PNN, thus in this study GAG chains are omitted. 

In this study, the PNN structure consists of HA, TR, CP, and LP. The TR and CP are connected 

by non-covalent bonding, HA, and CP connected by non-covalent or glycosidic covalent bonds 

mediated by LP. To model the PNN structure docking protocol is used to create the most 

energetically favorable protein complex. For the protein-protein docking, ClusPro online server 

has been used [84] to perform the molecular docking. ClusPro introduced PIPER, an FFT based 

docking program, it uses a pairwise interaction potential as part of its scoring function E, where 

E is  

E  = Eattr + w1 Erep + w2 Eelec + w3 Epair 

 

(4-1) 

E attr and E rep denote the attractive and repulsive contributions to the van der Waals interaction 

energy E vdw, E elec is an electrostatic energy term, and E pair represents the desolvation 
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contributions. The coefficients w1, w2, and w3 specify the weights of the corresponding terms 

and are optimally selected for different types of docking problems [85]. 

 

Figure 4-1 (a) Schematic illustration of PNN structure: The PNN is composed of chondroitin 
sulfate proteoglycans (CSPGs), which are made of a core protein (blue) flanked by several sugar 

chains (dark purple). CSPGs bind to hyaluronic acid (pink balls), which is secreted by 
membrane-bound enzymes. Link proteins (orange) stabilize the interaction between hyaluronic 

acid and CSPGs. Sema3A and Otx2 (pink pyramid and the red ball, respectively) bind to the 
sugar chains of the CSPGs. Tenascin-R (green) acts as a cross-linking protein among several 

CSPGs, contributing to the macromolecular assembly of the PNN [86]. (b) Docked PNN model 
structure 

 

At first, LP and CP are docked, then the LP-CP protein complex is further docked with TR to get 

the final protein complex (LP,CP, and TR) of the PNN, finally, a hyaluronic acid chain is 

attached with LP by glycosidic covalent bond using CHARMM-GUI Glycan Reader and 

Modeler module [87]. The HA chain consists of 15 repeated dimer of β-N-Acetylglucosamine 

and β-D-glucuronic acid linked via alternating β-(1→4) and β-(1→3) glycosidic bonds. The 

PNN unit is shown in Figure 4-1b, it represents the inset portion of Figure 4-1a. 

a 

b 
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4.2. Interfacial Strength of PNN components 

ClusPro server has been used for the protein-protein docking (Figure 4-2 (B and C)) and LP-HA 

(Figure 4-2 A) complex has been taken from original PDB structure of the HA binding domain 

of murine CD44 from RCSB protein data bank (PDBID: 2JCQ) [88]. ClusPro generated 100 

energy minimized structures, only the most energy minimized configuration is taken for this 

study.  The minimum energy configuration has been shown in Figure 4-2 (B and C). Figure 4-2 

D shows the top 4 energy minimized structure of the CP-LP complex. 
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Figure 4-2 Docked Structure (A) HA-LP complex (B) LP-CP complex (blue LP and red CP) and 

(C) CP-TR complex (blue TR and red CP) (D) Top 4  energy minimized structure of the LP-CP 

complex 

A B C 

D 
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Three complex structures have been tested for the relative interfacial strength calculation using 

Steered Molecular Dynamic (SMD) approach in GROMACS 5.0 simulation platform [57]. The 

LP molecule is fixed of the LP-HA protein-ligand complex and pulled the HA at a constant 

speed, while for the LP-CP and CP-TR protein-protein complex, LP and TR have been pulled at 

a constant speed. The molecules have been pulled from their center of mass.   

 

4.3. Mechanical property Evaluation of PNN components:  

Mechanical strength of the components is important to evaluate the underlying mechanics of 

PNN under shock wave. Since one of the major functions of PNN is to give neuronal protection 

from mechanical damage, the interfacial strength of the protein complex as well as the individual 

strength of the components needs to be evaluated. In this study, the mechanical properties of the 

CP and HA have been evaluated using the CHARMM36 and ReaxFF force field. Due to the 

structural conformational similarity of the CP and TR, it can be assumed that the deformation 

profile of CP and TR will be similar. Because of the globular secondary structure, the primary 

covalent bond break is very unlikely for the protein molecules, rather the applied force will cause 

the secondary structure failure. The secondary structure of CP is globular, where each globule is 

connected by chain structure (Figure 4-3A). The whole structure contains a single chain. 

Whereas the HA chain contains 10 dimers.  
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Figure 4-3 Structure of (A) CP (New cartoon) and (B) HA  

Mechanical Strength of CP and HA is evaluated by the SMD approach, few atoms at the end of 

the molecules have been pulled at a constant velocity of 1000 𝑘𝑘𝑘𝑘−1, while the other end was 

fixed at the initial position. The schematic of SMD approach is shown in Figure 2-6. The 

temperature was maintained constant at 310K in all the simulations. In the beginning, the system 

is energy minimized by using the shaking algorithm, after that the energy minimized structure is 

equilibrated at NPT ensemble, where temperature and pressure remain constant, afterward 

pulling simulation is conducted in NVT ensemble. In NVT volume and temperature remains 

constant.  

4.4. Shock simulation  

The PNN structure of Figure 4-1b is used to conduct the shock simulation. The PNN model is 

solvated with TIP3P water and ions (0.1M NaCl) using  CHARMM-GUI Glycan Reader and 

A B 
A 
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Modeler [87] module. The box size is 26.2 × 26.2 × 26.2 nm3, with full of water and PNN 

molecules. The X-direction was shock propagation direction, the shock was formed from a 

negative direction and allow it to propagate to the positive X direction. Both the end of X direction 

are opened up to create a vacuum space so that it is possible to restrict the shock flow to the 

opposite end because the periodic boundary condition is applied along the shock direction. There 

are different ways of generating shock waves, one of the most common methods is “moving 

piston” [89][90][91], and “reflecting boundary” is another popular method widely used [92][93][5] 

[88].  The piston-driven shock has several advantages over reflecting boundary, the initial number 

of particles in a cell remains relatively constant throughout the simulation until the shock wave 

nears. This gives a constant value of the density in the upstream region. Secondly, the simulation 

of the piston driven shock wave closely resembles the corresponding physical experiment. Even 

though assumptions are made on the nature of interactions among particles, and between particles 

and computational boundaries, the model can simulate otherwise difficult experiments [88]. To 

initiate the shock few layers of water molecules from the right end of the X axis are made rigid 

and pushed at a constant velocity for a certain distance and then the piston motion is halted. Piston 

are moved at a 1 km/s 2.5km/s and 4km/s velocity for 30Å distance. Density distribution of the 

simulation box shows that the region where PNN network molecules are present shows a 2% 

reduced (0.96 gm/cc) density compared to water density (0.98 gm/cc) at 310 K.  

 

a 
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Figure 4-4 The Simulation box for shock propagation (a) Schematic illustration of the shock 
simulation setup [88] (b) Snapshot of the shock simulation box by Ovito visualization tool (c) 

Density profile along the shock direction.  

 

 

 

Piston 

b 

c 
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Chapter 5:  

Mechanics of PNN 

 

5.1. Mechanical Strength of PNN components 

Mechanical strength of the ECM components such as core protein (CP) and hyaluronic acid 

(HA) is measured by SMD simulation. The CP is a very long protein coil chain which form a 

secondary structure known as alpha helix and beta sheet. These secondary structures are strong 

and bonded by intrachain or interchain hydrogen bond, electrostatic, and Van der Waals 

interaction. During the pulling simulation the secondary structure breaks, which is mostly 

noncovalent electrostatic bond. Covalent bond breakage for protein component is very rare, 

therefore it is wise to use non-reactive charmm36 force field for CP. Non-reactive Charmm36 

force field is advantageous over the reactive because it is widely used for biomolecules and 

simulation is very fast as compared to the ReaxFF reactive force field.  

In Figure 5-1, the CP is stretched 95% of its initial length and the maximum pulling force is only 

400 pN, in contrast, the maximum pulling force for hyaluronic acid at 40% stretch is 4500 pN, 

more than 10 times of the maximum CP stretched force. The HA covalent bond breaks at above 

⁓45% strain. From the force-displacement curve of HA (Figure 5-1b), it can be found that at the 

toe region the secondary bond stretched, and after that around 20% strain covalent bond 

stretching starts and finally failed at 45% strain. The stiffness constant at the toe region is 

⁓20pN/ Å, whereas at the covalent bond stretching region it is ⁓160 pN/ Å, stiffness constant is 8 

times higher at the covalent bond stretching region than the toe region.  
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Figure 5-1 Mechanical Strength of PNN components at 1 𝑘𝑘𝑘𝑘𝑘𝑘−1 pulling speed (A) Core protein 

(CP) (B) Hyaluronan (HA).  

 

5.2. Interfacial strength: 

In the PNN network, three different interfaces exist such as: CP-LP, LP-HA, and CP-TR. To 

characterize the mechanics of PNN under shock wave, interfacial strength needs to be 

investigated. LP, HA, and TR from the three interfaces are pulled whereas other molecules (CP, 

LP, and CP) of the pairs are kept fixed at their initial position.  The mass of CP>TR>LP>HA for 

the PNN model. Although in reality the molecular mass of HA is maximum because of its very 

long chain. Figure 5-2 shows the relative interfacial strength of three different interfaces. It has 

been found that HA-LP has the lowest strength and CP-TR is highest. The CP-TR bonds never 

failed during the simulation, rather the TR molecules unfolded. The interfacial strength for the 

pair of molecules considered is in between 1100 pN to 1500 pN. This strength is well below the  

fracture strength of the covalent bond (see section 5.1Mechanical Strength of PNN components). 

A B 
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The LP-HA interface fails at around 1100 pN force, whereas the LP-CP fails at 1400 pN force.  

The CP-TR did not fail during the simulation period.  

 

Figure 5-2 Interfacial Strength of PNN components at 1 𝑘𝑘𝑘𝑘𝑘𝑘−1 pulling speed  

 

5.3. Shock simulation: 

In this work piston is used to initiate the shock, a piston is moved up to 30 Å towards the positive 

X-axis at 1 km/s, 2.5 km/s and 4km/s speed to initiate different shock speed. The inset plot of 

Figure 5-3a shows the corresponding shock velocity at different piston speeds.  

 

5.3.1 Effect of Shock Speed 

As the shock starts to propagate the wavefront of the shock densified, which is the overpressure 

region and after the overpressure region there is a sharp decrease of density, density profile with 
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time along the shock propagation direction is shown in Figure 5-3b. Along the shock 

propagation direction, the simulation box is divided into 61 bins, each bin is 5Å in size. The 

average properties such as velocity, density, and pressure are calculated for the particles in each 

bin. The maximum density decays as the shock propagates, the decay rate at higher piston speed 

is much higher (Figure 5-3a). Peak pressure at different bin locations in Figure 5-3c shows that 

at 4 km/s piston speed maximum decay is observed and at 1km/s minimum pressure decay along 

the shock direction. The decay rate at the middle (bin 25 to 30) of the simulation box is higher 

for 4 km/s and 2.5km/s piston speed, however, no significant change of decay constant has been 

observed for 1km/s piston speed. The presence of PNN molecules in the middle of the simulation 

box may impede the motion of water molecules as the shock propagates, thus peak pressure 

dropping rate is highest in this region compared to other region.   However, the penetration of 

water molecules have not been hindered by the presence of PNN molecules at 1km/s, therefore 

no significant change in the peak pressure observed at this region, this implies that water 

molecule penetration efficiency depends on the pressure impulse, at higher pressure impulse 

penetration rate is lower [39].  
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Figure 5-3 (a) Shock wavefront density at different piston speeds. The inset plot shows the 
corresponding shock velocity of the piston speed (b) Density distribution during the shock 

propagation at different location and time for 4km/s piston speed (c) Peak pressure at different 
bin location along z-axis during the shock propagation at different shock speed. The inset plot 

shows the pressure decay rate at different shock speed (each bin is 5Å along X direction) 

 

While the shock propagates different molecules experience different levels of pressure. Figure 

5-4a and b show the pressure profile in CP and HA, these two molecules are considered because 

other molecules are protein, they are representative of the structural and bonding conformation of 

CP molecule, therefore, it is reasonable to assume that LP and TR will experience similar 

pressure as CP experiences.  Peak overpressure depends on the shock speed, as the shock 

propagates CP experience 17 GPa, 9GPa, and 3.5 GPa compressive pressure, while HA 

b 

c 

a 
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experience 12.5 GPa, 6 GPa, and 2GPa at 4, 2.5 and 1 Km/s piston speed. It is quite interesting 

to note that at almost every cases CP does not experience any tensile stress, while HA 

experiences tensile pressure of around -5GPa, -3GPa, and -1GPa. This study does not confirm if 

HA will break or not, however, it is reasonable to approximate the cross-sectional area of HA 

around 50 to 100 Å2 failure stress will be around 9 GPa to 4.5GPa. This value corresponds to the 

breaking force of HA of Figure 5-1b. The approximate value of fracture stress suggests that at 

4Km/s piston speed which corresponds to 6km/s shock speed HA will most likely break.  The 

fact that here average pressure of all atoms of HA molecule is considered, there is a possibility 

that localized pressure will surpass the fracture stress at rigid junction even at lower shock speed.   

 

 

a b 
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Figure 5-4 Pressure on PNN components at different piston speed (a) Pressure on Core Protein 
(CP)(b) Pressure on Hyaluronan (HA) (c) Volumetric Strain on PNN at different shock speed.  

 

5.3.2 Effect of bubble 

There are lot of research work that has been conducted on the effect of the bubble on the damage 

mechanics of biomolecules [5][94][92]. The collapse of the bubble can be symmetric or 

asymmetric depending on the ratio of collapsing time 𝑡𝑡𝑐𝑐 and shock passing time 𝑡𝑡𝑠𝑠𝑖𝑖, if the ration 

( 𝑡𝑡𝑐𝑐
𝑡𝑡𝑠𝑠𝑠𝑠

) is higher than 1 the bubble will collapse symmetrically, otherwise asymmetric collapse will 

initiate. The ratio is related to the bulk modulus (𝐵𝐵𝐿𝐿) and peak pressure difference (△ 𝑝𝑝) (Eqn 

((5-1)). The bulk modulus of water is around 2.2 GPa, which means the cavitation bubble in 

water can only be asymmetrically collapsed by a shockwave having more than 2.2 GPa post-

shock pressure or near that scale[92]. 

c 
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𝑡𝑡𝑐𝑐
𝑡𝑡𝑠𝑠𝑖𝑖

= �
𝐵𝐵𝐿𝐿
△ 𝑝𝑝

 
(5-1) 

 

   

In this case, the peak pressure is way higher than 2.2 GPa, therefore it is reasonable to assume 

that the bubble will collapse asymmetrically. The asymmetric collapse of the bubbles forms 

water-jet that can reach further away from the cavitation epicenter and can cause more damage. 

It has been investigated the pressure profile of the PNN components in the presence of a bubble 

of 8nm diameter and found an insignificant change of overpressure (Figure 5-5). However, the 

overpressure on the bubble projected zone of the CP molecule is higher than the without bubble 

model for 4km/s piston speed (Figure 5-5b).  The portion of the CP molecule on the bubble 

projected zone is shown in Figure 5-5c.  
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Figure 5-5 Bubble induced shock propagation (a) Pressure on different PNN components (b) 

Pressure on Bubble projected area (c) bubble projected area of the PNN 

It is quite interesting to note that although the maximum average overpressure of the components 

falls in presence of bubble, the projected overpressure increases, which gives us the impression 

that the presence of bubble enhances the localized damage.  

 

5.3.3 Effect of boundary condition 

The PNN components are interlinked by covalent and non-covalent (electrostatic and Van der 

Waals bonding). There will be a difference in the acceleration profile of the components, 

therefore it is reasonable to assume that one part of the molecule may experience 15 GPa, while 

other parts still at the atmospheric pressure. The links are often considered rigid as compared to 

a b 

c 
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the molecule itself.  It has been observed that only HA molecule experience negative tensile 

pressure due to fixing one end. Although two atoms at the two end of TR are fixed, the average 

pressure of TR does not change significantly (Figure 5-6a and b). HA mostly experiences tensile 

pressure due to its chain conformation, the proteins are globular structure. It has been found that 

the fixed end of HA experienced higher tensile pressure than the middle portion and the portion 

connected to the LP (Figure 5-6c).    

  

 

a b 

c 
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Figure 5-6 Pressure profile on PNN components (a) Pressure on different PNN components in 
absence of boundary condition (b) Pressure on different PNN components in presence of 

boundary condition (c) Pressure at different location of HA 

 

Finally, number of hydrogen bonds has been measured at different conditions (Figure 5-7), as 

the shock speed is increasing the number of hydrogen bond severely impaired, a hydrogen bond 

is only found in the protein molecules. This suggests that the secondary structure of the protein 

impaired due to the shock wave. The lowest number of a hydrogen bond is found for the model 

with the preexisting bubble, which suggests that bubble jet causes maximum damage of the 

PNN.  

 

 

Figure 5-7 Number of Hydrogen bonds at a different speed and boundary condition (cut off 

distance 3Å and angle 20⁰) 

 

T   
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Chapter 6:  

Conclusions and Future Work 

6.1  Summary and Conclusions:  

6.1.1 Heterogeneous cavitation:   

The nanobubble growth and collapse mechanism in pure water and gel model have been studied. 

Due to computation limitation, the radius of the bubble is limited to 5 nm only. The following 

conclusions can be drawn from this study: 

• The results suggest that the cavitation bubble requires higher pressure to grow in the gel 

solution. The additional pressure is associated with the energies to overcome interfacial 

tension of water and gel, bending stiffness of gel-like fibril, and surface tension of the 

solution. 

• At higher strain rates, the gel-like structure invokes homogenous nucleation despite the 

presence of a large bubble, which suggests that the pressure propagation rate in the gel is 

lower than that in water. In other words, the presence of gel microfibril facilitates 

homogenous nucleation. 

• Cavitation collapse time is dominated by the viscosity of the medium. Surface tension 

plays an insignificant role. 

Thermodynamics of bubble growth needs detailed analysis from the free energy perspective. 

Quantification of cohesive force between gel fibril and water and strain energy absorption by 
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fibril may give an insight into the correlation between threshold pressure difference of water and 

gel system during bubble growth. A detailed study will appear in future work. 

6.1.2 Homogenous cavitation:  

While heterogeneous cavitation critical pressure is strongly influenced by the strain rate and 

interfacial tension of collagen and water, the homogenous cavitation shows the trivial effect, 

therefore the underlying mechanism of homogenous and heterogeneous cavitation is different.  

The following conclusions can be drawn from the homogenous cavitation study:  

• The critical cavitation pressure of gel-like model is higher than the water model at lower 

strain rate, however, at an extremely higher strain rate the cavitation pressure is similar 

for both the models. 

• The modified nucleation theory suggests that the critical strain for the free energy minima 

is higher for the gel-like model than the water, and as the strain rate increases the critical 

strain decreases. The higher coalescence time of the nucleation initiation bubbles makes 

the critical strain for free energy minima higher for gel-like model.   

• The viscosity of the models plays a critical role in controlling the number of nucleus 

formation, critical cavitation pressure, and nucleus coalescence. The MSD value of water 

is governed by the viscosity of the medium and interfacial cohesive force between the 

water and collagen molecules. 

Lots of work have been conducted to evaluate the cavitation mechanism of water. Cavitation 

nucleation is well understood for water, however, the mechanics and apparent discrepancies of 

homogeneous cavitation pressure of Gel-like soft materials are not well revealed by the scientific 
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community. This ongoing effort is made to understand the underlying mechanics of homogenous 

cavitation of soft materials.       

 

 

6.1.3 Mechanics of PNN under shock wave:  

The PNN network protects the neuron from physical damage, reduces the oxidative stress, and 

conserve charge balance to facilitate neurotransmission.  Therefore, the damage probability of 

PNN under shock loading needs to be evaluated. From the shock loading simulation, it can be 

concluded that:  

• The protein structure is less prone to failure due to shock loading, while hyaluronan is 

the most vulnerable molecule to break during the shock loading.  

• The damage efficiency is strongly dependent on the shock speed, presence of bubble, 

and boundary condition. Presence of bubble in the system initiates asymmetric collapse 

during shock propagation and exerts water jets to damage the molecules which are 

present in the projected domain.  

• Although the pressure on the protein components is still compressive, the significant 

reduction of the number of hydrogen bond of the proteins makes it clear that at a higher 

shock speed secondary structure of the protein altered.  

Although PNN does not function on carrying the action potential from one neuron to another, the 

presence of it is essential for the process to initiate. The absence of PNN may cause severe 

disruption of neurotransmission at the synaptic cleft.   
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6.2  Future scope  

6.2.1 Continuum scale cavitation mechanics: 

• Perform SEM/FIB imaging of the freeze-dried sample  

• Create a 3D mesh out of the gelatin SEM/FIB stack of images  

• Analysis of the cavitation phenomena using FEA Fluid-structure interaction method in 

macroscale   
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Figure 6-1  (A) SEM-FIB image of gelatin   (B) schematic of 3D reconstructed image hydrogel 

[95] (C)   3D Mesh of hydrogel  [95] 
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Appendix  
Appendix A: Surface Tension Measurement 
We have measured the surface tension following the protocol stated by Vega el at. [96]. Our box 

size is 211× 211× 165. Open surface is created in the z direction. For a subcritical temperature, 

this setup is expected to stabilize two planar vapor-liquid interfaces perpendicular to the z axis of 

the simulation cell. Molecular dynamics simulations are performed using LAMMPS to generate 

the molecular trajectories using a time step of 1 fs. The temperature was kept constant by using a 

Nose-Hoover thermostat with a damping constant of 1 ps. The inhomogeneous system is first 

allowed to equilibrate over 300 ps, and running averages are then collected over an additional 

run of around 1.5 ns depending on the thermodynamic conditions. The LJ part of the potential is 

truncated at 8 Å and a switching function is used between 8 and 10 Å. Long range columbic 

potential is calculated using pppm (particle-particle particle-mesh) solver, which maps atom 

charge to a 3d mesh, uses 3d FFTs to solve Poisson’s equation on the mesh, then interpolates 

electric fields on the mesh points back to the atoms. The diagonal component of pressure is used 

to measure the surface tension. Here normal component of pressure is Pzz, whereas tangential 

component of pressure is arithmetic mean of Pxx and Pyy.  

 

Surface tension, γ= ∫ d𝑧𝑧∞
∞  (PN(Z) - PT(Z)) 

Where,  

 PN (Z) = Normal components of pressure tensor, 

PT (Z) = Tangential components of pressure tensor 
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Figure 1-0-1 simulation box for surface tension measurement 

Appendix B: Viscosity Measurement 
We have measured dynamic viscosity by Green Kubo technique [97] of gel like structure and 

water in LAMMPS. The detail scripting of viscosity measurement is stated in LAMMPS [56]. 

We have solved the following equation for viscosity measurement. We have used NVT ensemble 

for viscosity calculation, where temperature was fixed at 310K with a damping constant 1ps. To 

get appropriate viscosity value simulation was run for 100 ps. LJ cut off was fixed at 8 Å and 

outer cutoff was 10 Å. Electrostatic force was calculated using PPPM technique. Figure 2 shows 

the initial simulation box of viscosity calculation, where box size 211 Å × 211 Å × 165Å.  

 

Dynamic viscosity, η= V
kBT

 ∫ dt∞
0  (Pxy (0)Pxy(t)) 

Where, 

 V= volume of the particle system 

 T= is a temperature, 310K 

kB= Boltzmann constant 
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Pxy= off-diagonal element of the stress tensor 

 

 

Figure 2-0-2 Simulation box for dynamic viscosity measurement 
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