
 

 

INTRODUCTION 
Articular cartilage, a soft tissue covering the bone ends in joints, 

provides support for bearing load and movement by the virtue of unique 
structural composition and very low coefficient of friction at the surface. 
Osteoarthritis (OA) is a disease of the synovial joint, with degeneration 
and loss of articular cartilage as one hallmark change. Despite the 
multifactorial nature of OA, mechanical stresses, e.g., tension, 
compression, shear, hydrostatic pressure, play a key role in the 
destructive evolution of the disease [1-4]. Both overloading (e.g. 
trauma) and reduced loading (e.g. immobilization) of cartilage induce 
molecular and microstructural changes that lead to mechanical 
softening, fibrillation, and erosion.  

In response to mechanical and chemical stimuli, chondrocytes (the 
cells within cartilage) express and degrade components of extra-cellular 
matrix (ECM) including structural constituents such as collagen, 
proteoglycan, and other proteins. To facilitate better understanding of 
the mechanobiology of cartilage and chondrocytes we seek functional 
relations between the type and magnitude of mechanical stimuli and the 
resulting cell-driven mass/density changes within cartilage, which 
affects the subsequent mechanics. 

Here we established a novel framework to incorporate the 
evolution of constituents generating volumetric changes in cartilage, 
i.e., volumetric growth and remodeling (VG&R), by leveraging our 
established constitutive model of cartilage [5-6]. Experimental evidence 
indicates that application of strain at varying physiological frequencies 
facilitates chondrocytes expressing PG and collagen at different rates 
and total quantities [7-10]. We curated the available literature and 
established functional relations between the loading conditions and 
normalized expression of constituents. To validate our proposed VG&R 
framework for cartilage we reproduced the experiment of Kraft et al. 
[11] and predicted the production of collagen and PG. 

METHODS 
Constitutive Model. We modeled articular cartilage as a biphasic 

(swelling) continuum 𝜙 =  𝜙S + 𝜙F consisting of a porous solid phase 
𝜙S saturated with an interstitial fluid phase 𝜙F. We defined the 
Helmholtz free-energy function of the solid ψS as [5-6] 

         ψS = ψOP
S (𝐽S) + (1 − 𝜈)ψIM

S (𝐽S, 𝐼1) + 𝜈ψFN
S (𝐂S, 𝐌) , (1) 

where ψOP
S , ψIM

S , and ψFN
S  are the contributions of the osmotic pressure, 

isotropic matrix, and network of collagen fibers, respectively; ν is the 
volume fraction of collagen to total solid;   𝐽S, 𝐂S, and 𝐌 are Jacobian, 
the right Cauchy-Green tensor, and the reference fiber orientation, 
respectively; and 𝐼1 = tr(𝐂S). We modeled the contribution from 
osmotic pressure as [6] 
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where 𝑅 = 8.314 MPa mm3/mmol K, 𝜃 = 310.2 K, 𝜌0S
S , 𝑐0S

fc , 𝑛0S
F , 𝑐m

fc,  
𝑐m̅ are the initial solid partial density, initial concentration of fixed 
charges, the initial fluid volume fraction, initial concentration of fixed 
charge and the ion concentration of the external solution, respectively. 
We modeled the contribution from densely packed proteoglycan as [2,3] 
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including compaction effects via 𝑈(𝐽S) and with shear modulus 𝜇S. We 
modeled the contribution from the network of collagen fibers as [5-6] 

ψFN
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where 𝜌(𝐌), 𝑘1, 𝑘2 are a voxel-wise orientation distribution function, a 
stress like parameter and dimensionless parameter, respectively, 𝐼4 =
𝐌 ∙ 𝐂S𝐌, and ℋ is a Heaviside function.  
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We modeled the corresponding permeability of cartilage matrix as [5-
6] 
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where 𝐦 is the current fiber orientation, 𝑛F and 𝑛0S
S  are the volume 

fractions of fluid and solid, and 𝑘0S is the initial Darcy permeability. 
Volumetric Growth and Remodeling Framework. We defined the 

target volume change due to VG&R as 𝑣̂ = ∑  𝑖=PG,CO 𝑚̂𝑖𝜙𝑖, where 𝑚̂𝑖 
and 𝜙𝑖 are the individual normalized mass productions and volume 
fractions, respectively. We defined the modified Jacobian, and right and 
left Cauchy-Green tensors as 𝐽 = 𝑣̂−1de t(𝐅) = 𝐽/𝑣̂, 𝐂̂ = 𝑣̂−2/3𝐂 and 
𝐛̂ = 𝑣̂−2/3𝐛, respectively. We also defined the modified invariants as 
𝐼1 = 𝑣̂−2/3𝐼1, 𝐼2 = 𝑣̂−4/3𝐼2, 𝐼3 = 𝑣̂−2𝐼3, and  𝐼4 = 𝑣̂−2/3𝐼4. The density 
changes of the individual constituents are 𝜌̂𝑖 = 𝑚̂𝑖/𝜙𝑖. Finally, we 
express the total Cauchy stress of the solid constituents as,  

𝛔S = 𝛔OP
S + (1 − 𝜈)𝜌̂PG𝛔IM

S + 𝜈𝜌̂CO𝛔FN
S  , (6) 

Normalized PG and Collagen Production. Experiments confirm 
that chondrocytes synthesize components of PG and collagen at 
different rates under different treatments with cyclic compression [7-
10]. Therefore, we proposed a generalized function of normalized 
production of PG and collagen dependent on applied stretch (𝜆) within 
the tissue, loading rate or frequency (𝑓), and the time (𝜏), i.e for the 
duration of loading. We proposed a linear relation, 

𝑚̂𝑖 = 𝛼𝑖𝜆 + 𝛽𝑖𝑓 + 𝛾𝑖𝜏 +  𝜔𝑖  , (7) 
where 𝛼𝑖, 𝛽𝑖 , 𝛾𝑖, and 𝜔𝑖 are fitting parameters for 𝑖 ∈ {PG, CO}. 
To facilitate general loading we converted the frequency to strain rate 
and stretch to principal stretches and maximum shear stretches, and 
implemented these within our VG&R framework.  

Cartilage under Hydrostatic Pressure. To validate our established 
numerical framework, we simulated cartilage undergoing cyclic 
hydrostatic pressure [11] and predicted both proteoglycan and collagen 
production. We created a quarter-symmetry model of a cylindrical 
specimen of cartilage (10 mm Ø, 182 μm thickness) with 582 linear 
hexahedral elements. We first allowed the model to swell and achieve 
equilibrium. We then applied cyclic hydrostatic pressure from 0.5 MPa  
to 5 MPa at 0.1 Hz frequency following the experiment [11]. Exploiting 
the very different time scales between daily activities, e.g. walking 
(sec), and progression of OA (days to years), we used iterative rather 
than simultaneous solutions. We simulated the loading conditions for 
21 days. We present the model properties for our analyses in Table 1. 
We performed our simulations using FEBio (University of Utah, USA). 

Table 1:  Model parameters for cartilage 
Parameter 

𝝁𝐒 0.25 MPa 𝒌𝟎𝐒 9.6 × 10−4 mm4/Ns  
𝒌𝟏, 𝒌𝟐 0.43 MPa,  8.0 [-] 𝒎 3.3 [-] 

𝒏𝟎𝐒
𝐒  0.15 [-] 𝒄𝟎𝐒

𝐟𝐜  0.50 × 10−6 mol/mm3 
𝝂 0.82 [-] 𝒄̅𝐦 0.15 × 10−6 mol/mm3 

𝑱𝐜𝐩
𝐒  0.37 [-]   

 

RESULTS  
 The fitted parameters for our normalized PG and collagen 
production, i.e. (7), are 𝛼PG = 0.0850, 𝛽PG = 0.0294, 𝛾PG = 0.0206,
and 𝜔PG = 0.852 for PG, and 𝛼CO = −5.03, 𝛽CO = 0.0215, 𝛾CO =
0.0531, and 𝜔PG = 5.53, for collagen. We present the fitted 
multilinear equations as contour surfaces with the experiment data used 
for fitting in Fig. 1. 
 We predicted the normalized production of cartilage constituents 
for each day of the experiment, see Fig. 2. Fig. 2(a) shows a comparison 
between the predicted (normalized) production of PG vs. the 
corresponding experiment from Kraft et al. [11], while Fig. 2(b) 
illustrates the same comparison for collagen type II. 

 
Figure 1:  Normalized production of (a) proteoglycan (PG) and (b) 

collagen type II under general loading conditions.  
 

 
Figure 2:  Normalized production of (a) proteoglycan (PG) and (b) 

collagen type II predicted versus experiment [11].  
 

DISCUSSION  
 We introduced a VG&R framework considering the 
mechanobiologically induced turnover of constituents in articular 
cartilage resulting from mechanical loading. Our simulations of the 
cartilage successfully predict the production proteoglycan and collagen 
determined experimentally [11]. In predicting the evolution of PG, our 
simulation reasonably approximates the experimental results except for 
day 21. Our prediction of collagen follows the trend determined in the 
experiment; but the numerical values differ. Nevertheless, the 
difference between the prediction and experiment is in a narrow range 
of the normalized scale.  
 Unfortunately, the experimental data available for calibrating our 
framework i.e., formulate and fit (7), are quite sparse. In this light we 
selected the most simple (linear, not nonlinear) relationship among 
stretch, frequency, and time. Moreover, we formulated (7) based on 
experiments under uniaxial cyclic loading, while we predicted the 
evolution of constituents under cyclic hydrostatic pressure. Despite of 
the difference in loadings, we successfully predicted the evolution of 
constituents to test our novel VG&R framework for articular cartilage. 
 Limitations and outlook. We must improve the correspondence 
between predictions and experiments [11]. By leveraging more 
experimental data we could extent (7) to include nonlinearity and likely 
improve the fitting. In our simulations, we considered the number of 
chondrocytes as constant, while this may evolve with cell death or 
proliferation. Our framework is the first step towards a new class of 
computational tools that will facilitate, for the first time, patient-specific 
modeling of OA progression considering the biomechanics and kinetics 
of cell ECM turnover and production, both in vitro and in vivo. 
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