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Abstract

Articular cartilage is a water-lubricated naturally occurring biological interface imparting unique
mechanical and ultra-low frictional properties in mammalian bone joints. Nanoscale friction
mechanism at the articular cartilage interface plays a significant role in the biomechanical
functionality of the joints for millions of articulation cycles at several orders (obtained in-vitro 2
s -70 um s) of shear rates providing low friction and wear properties. The superior lubricating
properties (1<0.001) at a contact pressure in the range of 1-6 MPa for the case of human hip and
knee joints are attributed to the complex intermolecular interactions at the topmost superficial
amorphous layer of several macromolecules/surfactants under confinement created by opposing
cartilage surfaces experiencing various shear rates. Although the material of cartilage, synovial
fluid composition, and their lubricating modes and properties have been extensively investigated
at various length scales experimentally, there is still a lack of understanding of load-bearing,
adhesion, and friction mechanisms of cartilage-cartilage interface from an atomistic perspective
under heavy loading. This study is an attempt to systematically investigate the nanoscale
mechanisms of contact, adhesion and boundary lubrication prevailing on the top surface of the
human cartilage-cartilage interface in hip/knee joints and the influence of factors affecting the
same using a molecular dynamics approach. Moreover, the effect of structural hierarchy aspects
and chemical environment on the nanoscale friction is also investigated from a mechanistic
approach. For this purpose, initially a proposed simplified atomistic model for a localized portion
of top layer unhydrated cartilage-cartilage contact consisting of Collagen Type II representative
units in the form of a slider and substrate is investigated for nanoscale adhesion and frictional
properties. The frictional characteristics based on sliding tests in an unhydrated nanoscale

environment are compared with existing nanotribological AFM experiments from literature.
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Sliding tests show that friction is load and direction-dependent with an overall coefficient of
friction (COF, p) obtained in the range of 0.20 — 0.75 in comparison to p=0.25 obtained in
experimental analysis for unhydrated fibrillar collagen contact interface. Pull-off tests of cartilage-
cartilage contact interface reveal that cohesive interactions occur at the intercartilage interface due
to formation of heavily interpenetrated atomistic sites leading to collagen stretching, extension,
deformation and localized pulling of fragments during sliding. Analysis of interfacially hydrated
intercartilage contact model reveals that interfacial water inhibits debonding at the interface during
a pull-off test at higher loads. Interfacial debonding at the nanoscale is an important aspect of
failure in heavily loaded asperity contact which occurs due to the rupture of H-bonds in the absence
of water molecules. Thus, the study provides insights into the correlation of loading with the
debonding characteristics. Sliding tests at higher load reveal water encapsulation by collagen side
groups leading to significant reduction in the frictional forces up to five times in comparison to
dry collagen-collagen contact. Sliding analysis performed on top layer fully tissue like hydrated
cartilage-cartilage contact interface using varied loading and sliding velocity reveals that under
maximum compression, and at lower speeds, pure dynamic sliding with enhanced interfacial water
flow, adsorption, and mixing of water across interface lead to ultralow friction. An increase in
sliding speeds at higher loads leads to interfacial water rearrangement, densification, and ordering
inside confinement for resisting deformation imparting a uniquely low COF in the range of 0.01-
0.09. An additional analysis of the local concentration of the ions present at the cartilage interface
states a significant lowering in the mechanical and frictional behavior of the interface. It is
observed that the nanofriction at the cartilage contact interface is dependent on the type,
concentration and the combination of inorganic ions present at the interface. Current work
contributes to the fundamental understanding of nanoscale interaction mechanics associated with
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the contact, adhesion, and frictional behavior exhibited at the naturally occurring biological
interfaces. Furthermore, this investigation reveals a nanomechanical understanding of the
additional contribution of loading, interfacial hydration, various shear rates, local ionic
environment, and concentration on the origins of ultralow friction at intercartilage lubricated
interfaces. Present investigations contribute towards the design of tailored interactions in the

development of alternative approaches in artificial implant research.
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direction and the bottommost red dotted box shows the fixed region of the substrate for frictional
simulations and (d) Stages of sliding of unhydrated atomistic model parallel to the collagen axes.
All the collagen fragments are shown in tube representation of VMD and the blue and red tubes
represents the topmost portions of the slider and the substrate, other portions are marked in gray
color(Humphrey, W.; Dalke, A.; Schulten, 1996). .........cccoeoiiiiiieee e 87

Figure 4.5 (a) Type of interaction at the inter-cartilage interface. The blue atoms are the atoms of
the bottommost layer of the top slider which is under pull and red atoms of the lower substrate.
Load bearing happens at such discrete sites which consist of Type A, B, C interactions respectively,
(b) Snapshots of the inter-cartilage interface during the friction phenomenon sliding perpendicular.
At higher load the cohesive sites represented in blue are stretched and offer localized pull to resist
the deformation due to sliding. Rendered using VMD(Humphrey, W.; Dalke, A.; Schulten, 1996).
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Figure 4.6 Interlayer sliding and initiation of sliding with load (a) Interlayer sliding deformation
in sliding parallel (b) Variation of interlayer sliding initiation with load. At higher load this
deformation 1S CATLIET. ......co.eiiiiiiiiiiiee et st 89

Figure 4.7 Comparison of average friction coefficient (COF) obtained in parallel and perpendicular
sliding (a) Variation of COF with load and sliding orientation. COF higher in parallel case due to
constant number of H-bonds at the interface and (b) Number of H bonds with respect to Sliding
distance (for d=1 A, time t=100 ps). At d=7A the number of H-bonds dips and interlayer sliding
TIIELAEES. ..ttt ettt a e bt e e a bt e bt e s it e e bt e eh bt e b e e e ab e e bt e e a bt e bt e eabe e bt e enbeenbeeebeens 90

Figure 4.8 Comparison of scale and localized contact mechanism. The red and the black circles
denote the asperity-asperity contact at the top layer. Magnified view of the area of interest presents
a difference in scale of the surface and the MD model developed in the present study............... 93

Figure 5.1 Structural hierarchy of the articular cartilage and developed cartilage interfacial
hydrated model (a) Schematic representation of cartilage-cartilage synovial fluid lubricated
contact at human hip joint, (b) cross-sectional representation of top layer cartilage hydrated contact
within sandwiched collagen layer, (c) transverse section of a single layer of the microscale top
layer consisting of collagen fibrils, (d) proteolytic collagen fiber present tangentially at the surface,
(e) representation of collagen heterofibril, contact between two heterofibril at the cartilage, (f)
cartilage-cartilage interfacial contact in form of a collagen-collagen heterofibril contact
(g)atomistic cartilage-cartilage interface hydrated model in form of a slider and substrate made up
of collagen fragments marked in yellow cylinders with confined water in between, (h) collagen
type II fragment used for the study (i) molecular portion of the collagen fragment with atomistic
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representation with carbon, hydrogen, Sulphur, nitrogen, oxygen shown in gray, white, yellow,
blue and 18d 1ESPECHIVELY. ..eieuiiiiiiiiieiieeit ettt ettt st et e b e saaeenbeesnaeenbeennnas 99

Figure 5.2 Atomistic model of cartilage-cartilage top layer interfacial hydrated contact model (a)
Collagen fragment in the form of triple helix used for constructing the atomistic model. One of the
chains is shown with few of its amino acid residues. The atomistic structure of Glycine is shown,
(b) the front view of the cartilage-cartilage top layer interface hydrated contact model. Each circle
denotes a collagen fragment placed inward to the plane in z-direction and (c) Side view of the
atomistic model. Collagen fragments are shown in tube representation of VMD(Humphrey, W.;
Dalke, A.; SChulten, 1996).........oooiiiiiieeeeee ettt e e sre e e beeeaseeeeneas 103

Figure 5.3 Schematic representation of non-equilibrium molecular dynamics (a) simulation
methodology for pull-off and sliding test on the cartilage-cartilage top layer interface hydrated
model (b) three-dimensional cartilage interface hydrated contact model represented in VDW
representation of VMD with frictional simulation methodology. Rendered using VMD
(Humphrey, W.; Dalke, A.; Schulten, 1996). The topmost layer is pulled for conducting a pull-off
test and applied with a velocity for obtaining a frictional response. The interim layer above the
deformable layers denoted in orange are thermostatted and force calculation performed on the
defOrmable LAYET. ......ccuieiiiii ettt et e 105

Figure 5.4 Loading characteristics of the cartilage-cartilage top layer interface hydrated model (a)
Variation of total normal force against post-equilibration time at the top collagen-water interface
(b) normal load variation of collagen-on-collagen underneath the confined water layer versus post-
equilibration time (c) Snapshot of the atomistic model of the interface after minimization (d)
Snapshot of compressed cartilage interface hydrated contact model at load=28 nN where collagen
fragments are shown in ribbons representation and the water-seepage sites are marked in yellow
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Figure 5.5 Pull-off characteristics of cartilage-cartilage top layer interfacial hydrated contact
model (a) variation of total normal load at the top collagen-water interface with the separation
distance (b) normal force of collagen-collagen at the interface with separation distance(c) total
interaction energy variation with separation distance to study collagen-water intermolecular
interactions and (d) interaction energy of collagen-collagen interaction versus separation distance
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stretching and breakage of H-bonds, and (d) debonding occurring at the cartilage interface shown
in yellow dotted lines. Upward pull-off in the topmost layer enhances water molecules to percolate
in the interfacial contact bearing load locally, preventing stretching by accumulating where
COllagen 1S 1N the VICINILY. ..eieiiiieiiieeiiee ettt et e e te e s e e e be e e st e e ssbeeesabeeesaseeesseeenneeensseas 113
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H-bond between water-water against separation distance at various loads, (¢) snapshot of
previously conducted dry collagen-collagen pull-off test denoting high cohesion at the interface
due to formation of strong collagen-collagen H-bonds(Chatterjee, Dubey and Sinha, 2020).
Separate image used and (d) Comparison of Number of H-bonds remaining at the interface with
respect to the separation distancefrom previously conducted MD Simulations. ........................ 114

Figure 5.8 Frictional behavior of cartilage-cartilage top layer interfacial hydrated contact model
(a) variation of frictional force with sliding distance at the cartilage interface while movement in
z-direction parallel to the arrangement of collagen, (b)variation of frictional force at the cartilage
interface in the direction perpendicular to the collagen axis, (c) total interaction energy obtained
at the collagen-water interface against sliding distance in parallel direction movement, (d) total
interaction energy at the collagen-water interface versus sliding distance in perpendicular direction
movement and (e)comparison of frictional force during shearing of dry cartilage-cartilage interface
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model while sliding in the direction parallel (z-axis) to the collagen axis at two different loads L=7
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hydrated articular cartilage-cartilage atomistic contact in front view (e) Isometric view of the
atomistic model in a slider-substrate configuration in tube representation of VMD(Humphrey, W.;
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represented in blue and red denotes collagen substrate. The water molecules within 3 A of top
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