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A B S T R A C T

Finite element analysis (FEA) is the leading numerical technique for studying joint biomechanics related to the 
onset and progression of osteoarthritis. However, subject-specific FEA of joint mechanics is a time- and compute- 
intensive process limiting its clinical applicability. We introduce and evaluate a novel hybrid modelling 
framework combining discrete element analysis (DEA) and FEA for computationally efficient evaluation of 
cartilage mechanics in the hip joint. In our approach, the hip joint contact mechanics are first estimated using 
DEA and subsequently used as input for matching FEA models, substantially reducing model complexity. The 
cartilage mechanical responses obtained using the hybrid DEA-FEA method were evaluated for subject-specific 
hip joint geometries from five asymptomatic individuals under loading conditions typical to normal walking 
gait and compared to conventional FEA in terms of peak intra-tissue mechanical stresses and model run-times. 
The hybrid DEA-FEA method had a median run-time of 3.6 min per subject (64-core processor, 512 GB RAM) 
and produced minimum principal (compressive) stress estimates comparable to stresses obtained using con
ventional FEA models with a median run-time of 96.2 min. On average, the peak compressive stresses obtained 
using the hybrid DEA-FEA approach were 0.06 MPa (95 % confidence interval: − 0.86–0.99) lower than the 
stresses estimated with conventional FEA. Despite up to 1.4 MPa differences at individual gait time-points, the 
results indicate that the proposed hybrid DEA-FEA method enables estimation of hip cartilage mechanics in a 
fraction of time compared to conventional FEA, facilitating implementation in large cohort studies and clinical 
applications.

1. Introduction

The hip joint is commonly affected by osteoarthritis (OA), a debili
tating condition leading to progressive degeneration of articular carti
lage, chronic pain, and reduced mobility (Zhang and Jordan, 2010). 
Tissue damage associated with provocative mechanical loading in 
cartilage plays an important role in OA onset and progression (Felson, 
2013; Guilak, 2011; Wilson et al., 2006). As direct experimental char
acterization of in vivo stresses and strains in human joints is generally 
impractical or limited (e.g., arthroplasty patients), several computa
tional approaches have been applied to estimate joint biomechanics 

non-invasively.
Finite element analysis (FEA) is a popular computational technique 

for evaluating joint and soft-tissue biomechanics under normal and 
pathological conditions (Cannon et al., 2023; Henak et al., 2014; Kita
mura et al., 2022; Liukkonen et al., 2017; Mononen et al., 2016; Ng 
et al., 2016; Venäläinen et al., 2016). Combined with advanced material 
models for articular cartilage, FEA can also be used for predicting OA 
progression (Liukkonen et al., 2017; Mononen et al., 2016; Orozco et al., 
2018). In large cohort studies, the main limitation of FEA is its labour- 
intensive and computationally expensive nature.

Discrete element analysis (DEA) is a fast and computationally 
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inexpensive method for estimating joint contact mechanics (Abraham 
et al., 2013; Aitken et al., 2024; Anderson et al., 2010; Chao et al., 2010; 
Goetz et al., 2023; Li et al., 2021; Townsend et al., 2018). Previously, we 
demonstrated that DEA provides similar estimations of hip joint contact 
mechanics compared to FEA (Li et al., 2021). In contrast to continuum 
mechanics, in DEA, articulating surfaces are modelled as an array of 
compressive-only springs and contact stresses are approximated via 
spring deformation resulting from applied forces (Chao et al., 2010; 
Genda et al., 2001), enabling the estimation of joint contact mechanics 
in a fraction of time compared to FEA. However, with its focus on 
contact mechanics, DEA alone can provide only limited insights into 
biomechanical factors potentially associated with OA progression as 
compared to intra-tissue stresses, strains, and fluid pressures readily 
estimated in FEA (Eskelinen et al., 2019; Hosseini et al., 2014; Mononen 
et al., 2016; Orozco et al., 2018; Párraga Quiroga et al., 2017).

Here, we introduce a novel hybrid pipeline applying both DEA and 
FEA techniques sequentially to achieve fast estimation of cartilage me
chanical response. We hypothesize this modelling pipeline is computa
tionally highly efficient and produces comparable results with 
conventional FEA. This study investigates the performance of the hybrid 
DEA-FEA approach in gait simulations using biomechanical hip joint 

models with subject-specific geometry and compares results with those 
from conventional FEA.

2. Methods

2.1. Study subjects

Magnetic resonance (MR) images (3D true fast imaging with steady- 
state free precession sequence, 3 T Siemens Magnetom Trio, Germany) 
from five asymptomatic individuals were utilized from a previous study 
(Xia et al., 2014). The University of Queensland Human Research 
Committee approved the research (approval number: 2018000405).

2.2. Segmentation and model geometries

Consistent with our previous study (Li et al., 2021), hip cartilage was 
segmented from MR images using validated automatic techniques 
(Chandra et al., 2014, 2016). Then, using a custom MATLAB (Math
works, MA, USA) script, volumetric cartilage meshes (quadratic tetra
hedral elements with target edge lengths of ~ 1.6 mm and ~ 1.1 mm for 
femoral and acetabular cartilage, respectively) were generated using the 

Fig. 1. Study overview. A) The framework for the hybrid discrete element analysis (DEA) and finite element analysis (FEA) pipeline for evaluating hip cartilage 
biomechanics. The key difference compared to conventional FEA is the initial estimation of contact pressures with DEA and using them as input loads for FEA thus 
removing the need for contact analysis and reducing run times. B) The performance of the combined DEA-FEA approach was evaluated by performing gait simu
lations for five subject-specific hip cartilage geometries and comparing the obtained mechanical stresses and run times with those from conventional FEA.
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built-in generateMesh function from the Partial Differential Equation 
Toolbox. Based on the volumetric meshes, for DEA, matching surface 
meshes were generated in STL format.

2.3. Gait cycle loading

As per our previous work (Li et al., 2021), the hip joint models were 
subjected to gait cycle loading derived from the literature. This included 
standardized hip joint loads along x , y, and z axes from a previous in-vivo 
experimental study (Bergmann et al., 2016), and flexion–extension 
rotation, estimated using a musculoskeletal model (Lewis et al., 2010). 
The remaining rotational degrees of freedom, namely internal-external 
and abduction–adduction rotational movements, were restrained dur
ing loading. The boundary conditions were applied to a reference point, 
located at the femoral head centre and kinematically coupled with the 
femoral cartilage-bone interface, while keeping the acetabular cartilage- 
bone interface fixed in all directions. As in our previous study (Li et al., 
2021), the gait cycle was discretized into 13 evenly spaced time-points 
that captured all the main phases of the gait cycle for comparison of 
modelling outputs. All simulations were performed on the same PC 
workstation (AMD Ryzen Threadripper PRO 3995WX 64-core processor, 
2.7 GHz, 512 GB RAM). For comparison of run-times between ap
proaches, only a single thread was used.

2.4. Hybrid DEA-FEA workflow

The concept of the hybrid DEA-FEA approach is to use DEA and FEA 
sequentially to combine advantages of both techniques, resulting in fast 
estimation of intra-tissue stresses and strains in hip cartilage (Fig. 1A). 
The entire hybrid pipeline, from initial mesh generation to FEA simu
lations was implemented in custom MATLAB code.

First, using STL representations of femoral and acetabular cartilage, 
DEA was applied to obtain contact pressure estimates on the acetabular 
contact surface at each time-point of the gait cycle. We used a previous 
formulation for spring stiffness: 

Ki =
E(1 − υ)Si

(1 − 2υ)(1 + υ)hi
αdi/hi (1) 

where i is the ith spring, E is Young’s modulus, υ is Poisson’s ratio, Si is 
the area of the triangular cell where the spring attached, hi is the sum of 
acetabular and femoral cartilage thicknesses, di is the compression 
displacement and α is an empirical coefficient (Li et al., 2021). Previ
ously, the contact mechanics (contact pressures and areas) estimated 
using this implementation during gait were found to be in line with prior 
reports (Armiger et al., 2009; Harris et al., 2012; Li et al., 2021). The 
nonlinear factor αdi/hi is a penalty function applied to improve contact 
pressure estimation with subject-specific geometries by exponentially 
increasing or decreasing spring stiffness with increasing compression 
displacement. Here, a constant value of α = 0.85 was used.

Next, the obtained contact pressures were used as distributed pres
sure loads for the acetabular contact surface to finally obtain stress and 
strain estimations using static FEA. These models included only 
acetabular cartilage and did not involve contact modelling, thus having 
substantially reduced model complexity. For FEA simulations, Abaqus/ 
Standard 2020 (Dassault Systèmes SIMULIA Corp., RI, USA) solver was 
used. In all simulations, articular cartilage was modelled as a linear 
elastic material with Young’s modulus E = 10MPa and Poisson’s ratio 
υ = 0.43 (Abraham et al., 2013; Richard et al., 2013; Shepherd and 
Seedhom, 1999).

2.5. Conventional FEA

In walking gait simulations analysed using conventional FEA, both 
femoral and acetabular cartilage were modelled. Simulations were 
completed in a single run by applying complete waveforms of extracted 

gait data as time-varying loading and boundary conditions. The 
cartilage-to-cartilage contact was assumed to be frictionless and 
modelled using a hard pressure-overclosure relationship and surface-to- 
surface discretization. The models, having the same material properties 
as in the hybrid DEA-FEA method, were constructed from the previously 
generated volumetric meshes using a custom MATLAB script and ran 
using the same FEA solver. Mesh convergence was checked by reanalysis 
with > 50 % denser meshes, which yielded differences of < 3 % in peak 
stresses.

2.6. Data analysis

Data for the estimated cartilage mechanical responses were reported 
in terms of minimum principal (compressive) stresses, since peak 
stresses generated in isotropic elastic cartilage during gait are primarily 
compressive, as demonstrated previously for the knee (Klets et al., 
2016). The resulting stress distributions were visualized using Abaqus/ 
CAE software and extracted for further analysis and numerical com
parison in R statistical computing environment version 4.0.3 (R Core 
Team, 2016. R: A language and environment for statistical computing. R 
Foundation for Statistical Computing, Austria. URL https://www.R-pro 
ject.org/) (Fig. 1B). Analysis of peak stress values across subjects and 
time-points was undertaken using a Bland-Altman plot. R package 
ggplot2 (Wickham, 2016) was used for visualizations.

3. Results

The median calculation time to complete gait simulations for a single 
subject was 96.2 min (range: 73.2–146.5) with conventional FEA and 
3.6 min (range: 2.6–5.5) with the hybrid DEA-FEA approach (Fig. 2). In 
the hybrid DEA-FEA approach, the median calculation times of the 
embedded DEA and FEA simulations per subject were 1.2 min (range: 
1.0–2.1) and 2.1 min (range: 1.4–3.4), respectively.

The calculated distributions of minimum principal (compressive) 
stresses and locations of peak stress during the gait cycle were similar 
between the conventional FEA and hybrid DEA-FEA approaches both on 

Fig. 2. Gait simulation times for conventional finite element analysis (FEA) 
models, and the proposed hybrid discrete element analysis (DEA)-FEA models.
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the acetabular contact surface (see Fig. 3A for example distributions of 
compressive stresses for Subject 1) and through the cartilage thickness 
(Fig. 3B). For the FEA and DEA-FEA modelling, the basic patterns, 
including the biphasic impact and propulsive peaks, and values of peak 
compressive stresses were similar throughout the gait cycle for all sub
jects (Fig. 4A). Both methods calculated the maximum peak compressive 
stress during stance phase of gait to be between 6 to 8 MPa for subjects 1, 
2, 3 and 4, and between 9 to 10 MPa for subject 5. The largest difference 
of 1.4 MPa in peak compressive stresses between the two methods was 
observed during terminal stance for subject 4. Across all time-points and 
subjects, on average, the peak stresses estimated using the hybrid DEA- 
FEA were 0.06 MPa (95 % confidence interval: − 0.86–0.99) lower than 
with conventional FEA (Fig. 4B).

4. Discussion

In this study, we introduced a novel hybrid DEA-FEA approach for 
fast calculation of cartilage mechanical response in the hip joint under 
dynamic physiological loading during the walking gait cycle. Compared 
to conventional FEA, the hybrid DEA-FEA method produced similar 
estimates of minimum principal (compressive) stress calculations in 
cartilage in subject-specific hip joint geometries but with substantially 
shorter simulation run-times (minutes versus hours), confirming our 
hypothesis.

The proposed hybrid DEA-FEA approach is a new addition to the 
family of methods aiming to facilitate the use of subject-specific FEA in 

time-sensitive analyses such as those applied to large clinical cohorts. 
Other previously proposed methods to accelerate FEA of cartilage me
chanics include e.g. template-based or statistical shape modelling 
(Esrafilian et al., 2024; Mononen et al., 2019; Van Houcke et al., 2020) 
which, at present, are applicable only to morphologically normal 
subjects.

The key solution to reduce computation time in the hybrid DEA-FEA 
approach was the replacement of contact modelling in FEA with 
computationally efficient DEA and using the obtained contact pressure 
estimates as input for simplified FEA models. This efficiently reduced 
FEA model complexity and averted any convergence issues typically 
associated with contact modelling in FEA model development. The stress 
distributions obtained using the DEA-FEA approach followed closely the 
DEA-based contact pressure patterns indicating that any deviations in 
stress between DEA-FEA and FEA arose mainly from intrinsic differences 
between the contact estimation algorithms. Therefore, if DEA, or any 
other computationally robust solution, would be able to produce 
matching contact pressures with FEA, the stress estimates obtained with 
the hybrid approach would be close to identical. Regardless, despite FEA 
being a well-established method in the field, there exists no “gold- 
standard” computational tool for contact pressure estimation and hence 
minor deviations between the approaches were considered acceptable.

The main limitation in our present analysis was that the sensitivity of 
the hybrid DEA-FEA method was evaluated only in terms of varying 
tissue geometry of asymptomatic individuals and further sensitivity and 
validation analyses are warranted to verify the suitability of the method 

Fig. 3. Minimum principal (compressive) stress distributions estimated in acetabular cartilage using both conventional finite element analysis (FEA) and the pro
posed hybrid discrete element analysis (DEA)-FEA approach. Example distributions are given for Subject 1 during different phases of the gait cycle A) on acetabular 
contact surface and B) through cartilage thickness of the coronal section with maximum compressive stress.
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for large-scale applications. Firstly, we used simplified material prop
erties for cartilage which did not take into account the porous, visco
elastic nature of the tissue (Julkunen et al., 2007; Korhonen et al., 2003; 
Wilson et al., 2004) important for predicting cartilage degeneration 
(Eskelinen et al., 2019; Mononen et al., 2016; Orozco et al., 2018). 
Secondly, only one set of boundary conditions was applied and further 
simulations using more refined subject-specific data, including second
ary kinematics, should be performed. Lastly, the applicability of the 
DEA-FEA method should be verified on subjects with different joint 
pathologies, specifically those affecting hip morphology.

In conclusion, the proposed hybrid DEA-FEA method produced es
timations of cartilage mechanical response comparable to conventional 
FEA but took substantially less time to compute. In future, when vali
dated with more advanced material models, subject-specific loading 
data, and different joint pathologies, the method may provide novel 
opportunities to further promote OA research as well as develop and 
more readily embed joint biomechanical models into clinically appli
cable tools.
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