


Biomechanical Insights into Synovial Fluid Flow: A Modelling Study of Pressure and Shear Stress in the Knee

Abstract: Synovial fluid (SF) and cartilage play a crucial role in ensuring smooth and efficient motion in diarthrodial joints. At low shear rates, SF exhibits high viscosity to cushion cartilage surfaces during slow movements. As shear rates increase, viscosity declines in a characteristic shear-thinning manner, enabling smooth joint articulation under dynamic load. This study presents a computational and rheological analysis of shear-dependent viscosity at varying concentrations, alongside the influence of cartilage thickness on joint mechanics. In this study, the problem is formulated as a fluid flow analysis within the joint cavity, bounded by articular cartilage layers of variable thickness. In the present proposed problem, the flow of synovial fluid in the human knee joint due to a pressure gradient was considered. The flow of the synovial fluid in the joint cavity and articular cartilage is governed by the Navier-Stokes Equation and the Brinkman equation. The viscosity–shear rate curves demonstrated a distinct shear-thinning behaviour, with higher concentrations exhibiting greater viscosities across all regimes. Power-law fits confirmed pseudoplasticity, showing that shear-thinning intensified with increasing concentration. Shear stress–shear rate relationships further highlighted non-linear stress responses, consistent with non-Newtonian fluid dynamics. Normalisation of viscosity by concentration revealed partial data collapse, suggesting concentration-independent scaling in the mid-shear regime. Overall, the findings underscore the balance between synovial fluid viscosity and cartilage thickness in maintaining healthy joint lubrication. High viscosity enhances load support but increases resistance to flow, whereas reduced cartilage thickness elevates stress concentration, potentially contributing to joint degeneration. These insights not only improve our understanding of natural joint mechanics but also provide a framework for designing biomimetic lubricants and therapeutic interventions for osteoarthritis and related joint disorders.
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Introduction: 
[bookmark: _GoBack]“Synovial or diarthrodial joints are the most sophisticated joints in the body; unlike fibrous or cartilaginous joints, each bone end in the synovial joints is covered by an independent layer of hyaline cartilage” (Ouerfelli et al., 2024). Synovial fluid (SF) is a specialised, non-Newtonian biofluid that performs essential functions within diarthrodial joints such as the knee—facilitating lubrication, shock absorption, and nutrient transport, while also serving as a molecular sieve between joint surfaces (Kurosawa et al., 2020; Shah et al., 2011; 2017; Anuradha et al., 2015). “Synovial fluid fills the spaces in the joint cavities in a small amount.  Excess fluid can accumulate in any synovial joint as a result of a broad range of processes, including non-inflammatory, inflammatory, and septic disorders” (Singh et al., 2021). Its unique rheological behaviour is principally governed by the interplay of hyaluronic acid (HA) and proteoglycan 4 (lubricin or PRG4), both of which are secreted by synoviocytes and chondrocytes, binding to each other and cartilage surfaces to form low-friction boundary layers (Jay & Waller, 2014; Shah et al., 2015; 2024; Estrella et al., 2010). Changes in the rheological characteristics of the synovial fluid might result from damage to the articular cartilage in an osteoarthritic joint (More et al., 2024). At low shear rates, SF exhibits high viscosity to cushion cartilage surfaces during slow movements (Ahmad, 2021). As shear rates increase, viscosity declines in a characteristic shear-thinning (pseudoplastic) manner, enabling smooth joint articulation under dynamic load (Schurz, 1991; Shah et al., 2018; 2022; Rohit et al., 2024; Fam et al., 2007). The presence of pathological conditions such as osteoarthritis (OA) disrupts this behaviour: degradation of HA and lubricin leads to reduced viscosity and diminished shear-thinning, compromising lubrication and increasing mechanical stress on cartilage (Temple-Wong et al., 2016; Jay et al., 2012). Cartilage itself plays a pivotal biomechanical role inside the joint: its layered structure, including the superficial zone rich in PRG4 and proteoglycans, distributes applied loads, preserves fluid film lubrication regimes, and contributes to ultra-low friction coefficients (~0.001) even under high physiological pressure (Caligaris & Ateshian, 2008; Akbar et al., 2022; Crockett et al., 2009; Shah et al., 2011; 2020). In OA, superficial zone degradation and altered cartilage permeability impair fluid-film and elasto-hydrodynamic lubrication, accelerating degeneration (Wei et al., 2022). Despite the clinical importance of these phenomena, analytical and computational models that integrate SF’s non-Newtonian, concentration-dependent rheology with cartilage geometry remain limited. Prior modelling efforts have often simplified SF as Newtonian or overlooked the influence of cartilage thickness (Higginson et al., 2011; Singh et al., 2017). Against this backdrop, our study systematically explores the combined effects of SF viscosity (across concentrations) and cartilage thickness on joint pressure, shear stress, and lubrication behaviour, employing a Carreau-type rheological model under simulated loading conditions.
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Fig. (1): Synovial Joint
Mathematical model: 
The human knee joint is a complex synovial articulation where synovial fluid plays a crucial role in reducing friction, distributing loads, and nourishing the articular cartilage. Synovial fluid exhibits non-Newtonian shear-thinning behaviour, meaning its viscosity decreases with increasing shear rate, which significantly influences the lubrication mechanism and mechanical response of the joint under physiological loading conditions. Understanding this flow behaviour is essential to predict pressure distribution, shear stresses, and lubrication performance, especially in pathological conditions such as osteoarthritis, where fluid composition and cartilage thickness are altered. In this study, the problem is formulated as a fluid flow analysis within the joint cavity, bounded by articular cartilage layers of variable thickness. The following assumptions are made:
1. Fluid properties: Synovial fluid is modelled as an incompressible, non-Newtonian power-law fluid.
2. Geometry: The joint is simplified as an axisymmetric lubrication gap, with cartilage thickness and gap height considered variable.
3. Boundary conditions: Cartilage surfaces are taken as rigid, with no-slip boundary conditions applied at the fluid–cartilage interface.
4. Flow regime: The flow is considered laminar and steady, subjected to cyclic physiological loading.
In the present proposed problem, we have considered the flow of synovial fluid in the human knee joint due to a pressure gradient. The flow of the synovial fluid in the joint cavity and articular cartilage is governed by the Navier-Stokes Equation and the Brinkman equation, respectively.
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Equation (1) is the reduced form of the Navier-Stokes equation and equation (2) is the Brinkman equation. 
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[image: ]Results and Discussion: 

The viscosity–shear rate curves in Fig. (2) demonstrated a clear shear-thinning behavior across all tested concentrations (2–5 mg/ml). At low shear rates, viscosity remains relatively high, reflecting the structured macromolecular interactions within the fluid. As shear rate increases, viscosity decreases progressively, indicating the alignment and disentanglement of polymeric or protein-like constituents. Importantly, higher concentrations exhibit consistently greater viscosity over the entire shear rate range, signifying stronger molecular interactions and denser microstructural networks. These observations are consistent with non-Newtonian biological fluids such as synovial fluid, which rely on shear-dependent lubrication mechanisms.
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Fig. (2): Variation of viscosity with shear rate for different values of h
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Fig. (3): Variation of viscosity with shear rate for different values of C
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Fig. (4): Variation of shear stress with shear rate for different values of C
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Fig. (5): Variation of viscosity with shear rate for different values of C
To further quantify the shear-thinning response, a power-law model was applied in the high-shear region. The fitted slopes in Fig. 3 (flow behaviour indices, n) were found to be less than unity for all concentrations, confirming pseudoplasticity. With increasing concentration, the degree of shear-thinning intensified, as indicated by lower n values. This suggests that at elevated solute concentrations, the microstructural breakdown under shear is more pronounced, allowing the fluid to transition efficiently from a viscous state at rest to a lubricating, low-viscosity state under load. Such characteristics are critical in joint lubrication, where rapid changes in shear occur during movement (Jaiswal et al., 2023; Geeta et al., 2014). The shear stress curves, plotted against shear rate in Fig. 4, highlight the non-linear increase in stress with shear rate. Unlike Newtonian fluids, where stress is linearly proportional to shear rate, the present curves deviate from linearity at higher concentrations. The curvature reflects the viscosity decay with shear rate, reaffirming the non-Newtonian behaviour. Physiologically, this property is advantageous: at low motion (low shear), synovial-like fluids maintain a cushioning, viscous nature, whereas during rapid movement (high shear), stress increases moderately due to reduced viscosity, thereby minimising frictional losses (Sadique et al., 2022). When viscosity was normalised by concentration, the curves in Fig. 5 collapsed partially in the mid-shear range, indicating a degree of self-similarity in rheological response. However, divergence at very low and very high shear rates suggests that concentration-dependent interactions dominate outside the intermediate regime. This scaling analysis implies that while molecular crowding scales linearly with concentration in the mid-shear regime, cooperative interactions and entanglements become more significant at extremes (Chaturvedi et al., 2021). This observation could provide useful insights into developing concentration-independent models for predicting synovial fluid rheology under different loading conditions.
Conclusion: 
The computational analysis of synovial fluid dynamics under varying conditions of cartilage thickness and viscosity provides important biomechanical insights. The results indicate that cartilage thickness plays a vital role in determining the lubrication performance of the joint, where thinner cartilage layers lead to higher pressure and shear stress, potentially accelerating degenerative changes. Conversely, increased viscosity of synovial fluid enhances load-bearing capacity by producing higher hydrodynamic pressures but also increases resistance to flow, which may contribute to elevated shear stresses within the joint space. Together, these findings highlight a delicate balance between cartilage geometry and fluid rheology in maintaining healthy joint mechanics. From a clinical perspective, the outcomes suggest that therapeutic interventions aimed at modifying synovial fluid viscosity or preserving cartilage thickness can play a crucial role in delaying osteoarthritic progression. Furthermore, the computational framework developed in this study provides a valuable tool for exploring bio-inspired lubricants, cartilage repair strategies, and patient-specific simulations for improved diagnosis and treatment planning in joint disorders.
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Power-law fits in the high-shear region (slope shows shear-thinning strength)
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