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Abstract 

The determination of pressure and contact area distributions in the coxofemoral joint during activities 

of daily living is essential to predict joint degeneration and prosthesis wear. This can also provide 

biomechanical justifications for preoperative planning and postoperative rehabilitation. To study the 

temporal evolution of pressure fields and contact areas in a person's coxofemoral joint during different 

activities, a parametric finite element model of the joint is developed. Eight activities of daily living are 

studied. Two different laws of cartilage behaviour are used: elastic and hyperelastic. The results obtained 

focused on a single subject are compared with those of other studies using classical hypotheses: no 

labrum, synovial fluid and bone deformability neglected, ideal spherical geometry of the articular 

surfaces and frictionless contact. The results show that activities related to sitting in and getting up from 

a chair are the least burdensome activities for the hip joint. Alternation between the bipodal station and 

the monopodal station is the most restrictive activity. For most activities, the highest pressures are in the 

anterolateral upper region of the femoral head and in the antero-superior region of the cotyloid. For the 

activities studied, considering the hyperelasticity of cartilage does not generate a significant difference 

compared to a simple elastic behaviour. The results are globally in agreement with numerical and 

analytical models using a spherical model of the joint and quantitatively enrich the knowledge of this 

field.  
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1. Introduction 

Mechanical factors play an essential role in the development and progression of 

osteoarthritis. The cartilage can withstand extremely high loads, but when the 

morphology of the joint is abnormal (i.e., during dysplasia, which results in a femoral-

acetabular conflict) or during a biochemical alteration of the structure of the cartilage, the 

latter is no longer able to withstand such loads and gradually deteriorates. According to 

some authors, osteoarthritis is due to high local pressures [1–3]. Knowledge of pressure 

fields and contact areas in the joint would allow a better understanding of non-

pathological and pathological mechanical behaviour of the hip and the effects on cartilage. 

Despite some recent developments [4], musculoskeletal models [5] developed lack 

methods for estimating cartilage contact pressures but some computational approach 

provide the means to predict pressure fields and contact areas: the discrete element 

analysis [1,3] and the finite element method [6–9]. These studies reported proof-of-

concept and results of parametric studies but simplifying assumptions and a lack of 

validation limited their ability to provide definitive measurements of the magnitude and 

distribution of pressure field and contact area in normal hips during activities of daily 

living. 

Geoffrey Ng [10] investigated the effects of cam femoroacetabular impingement on hip 

joint loading through finite element analysis, incorporating subject-specific geometries 

obtained from CT scans during quasi-static positions ranging from standing to squatting. 

In this instance, the findings reveal a concentration of maximum shear stresses in the 

anterosuperior region of the underlying bone during squatting. The kinematics of the 

squat motions were recorder using motion capture cameras and the kinetics were 
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recorded using fixed force plates. Akrami et al. [11] propose a finite element approach to 

investigate the behaviour of the hip joint by generating the model from CT scan images. 

The forces generated by the ligaments are applied using spring elements, where the 

equivalent stiffness values are defined to represent the overall stiffness of each ligament. 

A sole loading scenario is considered, specifically the one-legged stance, and is 

approximated by applying a static force perpendicular to the acetabulum at the extremity 

of the femur length. This case is highly restricted, yet it serves to demonstrate the 

feasibility of obtaining a simulation model from medical imaging data of actual patients. 

Clarke et al. [12] also employed a finite element model derived from CT images. Through 

a design of experiments with a full factorial approach, they investigate the impact of 

various parameters (material stiffness distribution, loads imposed by muscles, location of 

boundary conditions, hip joint contact conditions), incorporating geometry variability 

across eight patients. They considered two static load cases; these were the maximum 

joint reaction forces experienced during normal walking and moving from sitting to 

standing from the study of Bergmann et al. [13]. A sensitivity analysis is then performed 

in the case of the maximum joint reaction forces cases. Kinematics and time dependant 

loading are not considered, but this demonstrates the feasibility of conducting sensitivity 

analysis on representative, static, complex models derived from real patients. 

To determine evolution of forces in the hip joint several approaches are used. In the first 

instance, the use of a recording system employing cameras to capture movements and 

force plates to assess the changes in forces was implemented as used by Geoffrey Ng et al. 

[10]. But it needs an inverse dynamic approach to obtain forces in the hip joint. A second 

way is to use musculoskeletal modelling, but it needs some optimization techniques to 

calculate muscle forces, which influence resultant hip contact forces [14,15]. Another way, 
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is to use instrumented prostheses to directly determine the forces involved in the hip joint 

as proposed by Bergmann et al. [13]. 

Given that the study for Bergmann et al. [13] is widely considered as the benchmark for 

determining the changes in forces and movement in the hip joint, these variations are 

used in the present work as input data (joint rotations and applied forces) during the 

activities. To estimate the pressure field at the contact surfaces of the joint and the values 

of the pressure peaks, a finite element Hip Joint Parametric Model (HJPM) is proposed. 

Eight activities of daily living are studied in the context of a spherical pattern of the joint 

and an elastic behaviour of the cartilage. As some studies model cartilage using 

hyperelastic behaviour [9,16], the influence of considering hyperelasticity. 

The main interest of having the mechanical fields at the contact level for the activities 

studied is to better understand the appearance of osteoarthritis in a healthy joint or its 

aggravation in people with beginner coxarthrosis or a congenital deformity, e.g., 

dysplasia. Another interest of the study is the parametric model developed (HJPM) 

developed to achieve the results. HJPM can be useful in orthopaedic and traumatological 

surgery to carry out a preoperative osteotomy schedule and in rehabilitation to define a 

postoperative schedule. HJPM can also help address an industrial need to optimize the 

geometry and surface properties of hip replacements. The surfaces of the intermediate 

hip prostheses are in direct contact with the cartilage of the natural cotyloid. Knowledge 

of the mechanical fields in this contact is therefore essential to design prosthesis surfaces 

more suitable for the cartilaginous surfaces of the cotyloid and thus preserve them from 

wear. 

  



5 
 

2. Materials and methods 

To study the mechanical behaviour of the coxofemoral joint during different activities, a 

model based on Hip Joint Parametric Model (HJPM) was developed. For a given activity 

and a particular subject, HJPM makes it possible to simulate the temporal evolution of 

pressure fields and contact areas in the coxofemoral joint. For these simulations, the 

experimental data (kinematics of the articulation and evolution of the load) of Bergmann 

et al. [13] of the KWR subject are used (Table 1). Eight activities are studied: walking 

(slow, normal, quick), going downstairs, going upstairs, standing up, sitting down, 

monopodal support and bipodal support alternation. 

Table 1: Characteristics of the KWR subject [13] 

Patient KWR 

sex male 

age 61 years 

height 165 cm 

weight 702 N 

implanted side right 

 

HJPM is developed in Matlab script. For a given activity and the subject studied, HJPM 

generates a script that can be interpreted by the finite element software Ansys Mechanical 

APDL. Once the simulation of the activity has been carried out, the finite element results 

are processed using Matlab scripts to quantify the temporal evolution of the pressure 

fields and contact areas. HJPM then makes it possible to automatically generate the 

loading conditions in parametric form, to carry out the associated simulations and to 

extract the desired mechanical. 
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2.1.  Geometry and meshing  

Three possible geometric shapes of articulation are programmed in HJPM: spherical, 

ellipsoidal and conchoidal. For the spherical pattern of the joint used in this study, the 

circular profile is defined by an angle 𝛼𝑝 and an external radius 𝑅0 in the plane (𝑋𝑙𝑜𝑐 , 𝑌𝑙𝑜𝑐) 

(Figure 1). 

 

Figure 1: Initial profile and associated coordinate system (𝛼𝑝 = 150°, 𝑅0 = 24 mm). 

The inner surface of the femoral head is constructed by rotating the profile along the 𝑍𝑙𝑜𝑐 

axis. The quadrangular mesh thus obtained is defined by a number of elements in the 

profile (𝑛𝑃𝑟𝑜𝑓𝑖𝑙) and around the axis of revolution (𝑛𝑅𝑒𝑣𝑜𝑙). Using extrusion of this mesh 

according to the normal to the surface, we obtain the final density mesh with 𝑛𝐸𝑝
 

hexahedral elements in the thickness 𝐸𝑝 of the femoral cartilage (Figure 2a). According to 

Athanasiou et al. [17], 𝐸𝑝 = 2.66 mm. 

The cotyloid cartilage is built according to the same principle except for the revolution of 

the profile, which is incomplete to model the acetabular fossa (Figure 2b). To do this, three 

angular parameters are needed: 𝜃0, 𝜃𝑓 and 𝜃𝑐  with: 

tan 𝜃0 =
𝑤

𝑅
  (1) 
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where 𝑅 and 𝑤 are the inner radius of the cotyloid and the width of the acetabular fossa, 

respectively . 

No inter-articular space is considered here. According to Naish et al. [18], magnetic 

resonance imaging shows no influence of this parameter. A representation of the meshes 

is given in Figure 2. The mesh consists of using of 8-nodes fully integrated hexahedral 

elements (9380 elements). It leads to consider four integration points in thickness. It is 

based on a mesh convergence analysis with a strain energy error less than 2% between 3 

and 2 elements in thickness. 

 

Figure 2: Meshing and parameterization of cartilage: a) femoral b) cotyloid. 
(𝑅 = 24 mm, 𝑤 = 12 mm, 𝜃𝑓 = 90°, 𝜃𝑐 = 60°, 𝑛𝑃𝑟𝑜𝑓𝑖𝑙 = 35, 𝑛𝑅𝑒𝑣𝑜𝑙 = 70, 𝑛𝐸𝑝

= 2) 

2.2.  Cartilage behaviour 

The activities studied are fast enough to neglect the viscous and/or poroelastic effects on 

cartilage behaviour [19]. However, the activities studied are slow enough to neglect the 

inertial effects. Two isotropic behaviours are tested to study a possible difference in the 

results: linear elastic (Hooke) and hyperelastic (Mooney-Rivlin). The elastic behaviour is 

defined by its elastic strain energy density 𝑊𝐸 , which is a quadratic function of the 

infinitesimal strain tensor 𝜺: 

𝑊𝐸(𝜺) =
1

2
𝐶𝑖𝑗𝑘𝑙𝜀𝑖𝑗𝜀𝑘𝑙  (2) 
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Where 𝐶𝑖𝑗𝑘𝑙 is the fourth order elastic tensor depending on the Young’s modulus 𝐸 and 

the Poisson’s ratio 𝜈. The hyperelastic material is defined by its elastic strain energy 

density 𝑊𝐻, which is a function of the elastic strain state. The Mooney-Rivlin strain energy 

density function is expressed as: 

𝑊𝐻(𝐼1̅,𝐼2̅, 𝐽) = 𝐶10(𝐼1̅ − 3) + 𝐶01(𝐼2̅ − 3) +
1

𝐷1

(𝐽 − 1)2 (3) 

 

Where 𝐼1̅, 𝐼2̅ are the first and second invariant of the isochoric-elastic right Cauchy-Green 

deformation tensor and 𝐽 the elastic volume ratio. 𝐶10, 𝐶01 and 𝐷1 are the three material 

parameters. 

Both of these behaviours are frequently used in this type of study [1,6,9,20,21]. To ensure 

that the elastic and hyperelastic models equivalent in small deformation assumptions, 

Young's modulus (𝐸 = 8 MPa) and Poisson’s ratio (𝜈 = 0.49) are obtained from 

hyperelastic parameters (𝐶10 =1.31 MPa, 𝐶01 = 0.03 MPa, 𝐷1 = 0.015 MPa−1) using the 

two following relations: 

4(𝐶10 + 𝐶01) =
𝐸

1 + 𝜈
 (4) 

𝐷1 =
6(1 − 2𝜈)

𝐸
 (5) 

The parameter values are consistent with those identified by Richard et al. [22] for 

healthy cartilage. 

2.3.  Resolution and post-processing 

The cotyloid and femur are positioned relative to the pelvis at each moment of movement 

(Figure 3.a) in accordance with the kinematic data and images of Bergmann et al. [13]. 
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Figure 3: (a) Mesh size and coordinate systems: p (pelvis), c (cotyloid), Loc (femur), (b) Applied loading and boundary 
conditions. 

For a given geometric configuration and loading, a quasi-static simulation using the finite 

element software leads to stress, strain, and displacement fields in the cartilage. To 

achieve this, a pilot node is established at the centroid of the hip joint, where the sensors 

are positioned (Figure 3.b). Rigid links are then specified to connect the pilot node to 

nodes located on the interior face of the femoral head. From the results of Bergman et al. 

[13], the experimental forces (𝐹𝑥(𝑡), 𝐹𝑦(𝑡), 𝐹𝑧(𝑡)) obtained from instrumented prosthesis 

are applied to the pilot node. Simultaneously, based on the biomechanical study, angular 

positions (𝛽𝑥(𝑡), 𝛽𝑦(𝑡), 𝛽𝑧(𝑡)) of the femoral head are enforced (see Figure 4.a and Figure 

4.c for example in the case of Walking Normally). The model considers time-dependent 

paths and time-dependent loading cases to determine the evolution of contact pressure 

and stress distribution during various loading conditions, both spatially and temporally. 

The contact between the two cartilages is assumed to be frictionless and is controlled by 
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an augmented Lagrangian type algorithm. The acetabulum is considered as fixed in the 

local configuration. 

HJPM allows discretizing the cycle of the movement in identical time steps to perform the 

simulation of a complete movement using an automatic loop by updating the geometric 

configuration and the associated loading at each time step depending on the experimental 

discretization. To analyse the contact pressures 𝑝(𝑥, 𝑦, 𝑧) and contact areas 𝐴 during the 

activities, several variables are computed at each time 𝑡: 

- Maximum pressure 𝑝𝑚𝑎𝑥(𝑡), mean pressure 𝑝𝑚𝑒𝑎𝑛(𝑡) as well as minimum pressure 

𝑝𝑚𝑖𝑛(𝑡) and contact areas 𝐴(𝑡). The contact area surface between the femoral head 

and the cotyloid is calculated from the elements for which the pressures at the nodes 

are nonzero. 

- The contact pressure field on the femoral surface at the time of pressure peaks using 

a stereographic projection [23] facilitates the location of pressure points. This method 

consists of projecting a sphere onto a plane. The nodes of the upper part of the femoral 

head are projected on the transverse plane containing the centre of the femoral head 

and normal to the vector joining this centre and the upper pole of the femoral head. In 

this way, the pressures calculated at each node are projected (see Figure 5).  
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3. Results 

First, the results obtained from the proposed approach are detailed for a normal walk. A 

complete summary of the results for eight activities is then presented and discussed: 

walking slowly (WS), walking normally (WN), walking quickly (WQ), going downstairs 

(GD), going upstairs (GU), standing up (SU), sitting down (SD), monopodal support and 

bipodal support alternation (BMA). 

3.1.  Detailed results for walking normally 

The walking cycle is carried out at a speed of 1.09 m/s and can be broken down into 

several phases. Nine positions are thus identified in Figure 4 to present the evolution of 

the load (force), the kinematics of the joint (3 rotations) and the results of the simulation 

of the movement in terms of pressures and contact areas. 
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Figure 4: Temporal evolution of (a) imposed load, (c) imposed angles,  
(b) calculated contact pressure, (d) calculated relative contact areas.  

Case of walking normal (WN) [13]: 1- contact of the heel on the ground; 2- middle of the doubling anterior reception 
support phase; 3- beginning of the monopodal support phase; 4- middle of the monopodal support phase ; 5- end of 

the monopodal phase; 6- pre-oscillation phase; 7- beginning of the oscillation phase; 8- middle of the oscillation 
phase; 9- end of the oscillation phase. 

 

Table 2 summarizes the values of the pressures (maximum and average) and the contact 

areas at the nine positions. 
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Table 2: Pressures and contact area for the nine normal walking (WN) positions. 

Position 
Cycle  

 time 

 

Contact pressures 

 

Contact area 

No. % 
𝑝𝑚𝑎𝑥 

(MPa) 

𝑝𝑚𝑒𝑎𝑛 

(MPa) 

𝐴 (% 

 of the total 

area) 

1 0.0 1.12 0.58 58.62 

2 4.5 1.65 0.88 56.20 

3 13.0 2.51 1.29 45.63 

4 29.5 2.00 1.05 60.16 

5 45.5 2.42 1.35 75.95 

6 55.5 1.70 0.96 75.37 

7 61.5 1.06 0.60 73.33 

8 85.0 0.36 0.19 41.44 

9 100 1.13 0.59 50.28 

 

Figure 5 shows the contact pressure field on the cartilage of the femoral head for the nine 

studied positions. 

 

Figure 5: Normal walking activity (NW). Projection of the contact pressure field (in MPa) on the cartilaginous surface 
of the femoral head as a function of the % of the cycle time.  

(A: previous; P: posterior; L: lateral; M: medial). 
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3.2.  Summary results for eight activities  

The application of the method for all activities as presented previously for one case (WN) 

is then applied to the other activities. Results are summarized in terms of contact 

pressures, contact area and of average values over a cycle of movement. 

For the eight activities, the temporal evolutions of the contact pressures on the articular 

surfaces mimics the applied force. The values of the pressure peaks, contact area and cycle 

time are reported in Table 3. Table 4 summarizes the location of the contact pressure 

peaks for the different movements studied. 
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Table 3: Summary of pressures and contact areas at the time of peak pressures for different activities. 

Activity 
Contact pressure Contact area Cycle time 

𝑝𝑚𝑎𝑥 

(MPa) 

𝑝𝑚𝑒𝑎𝑛 

(MPa) 

𝐴% 

(% of total area) 
% 

1st pressure peak 

WS 2.51 1.28 37.6 19.0 

WN 2.51 1.29 45.6 13.0 

WQ 2.90 1.47 52.0 12.5 

GU 3.16 1.45 61.9 15.5 

GD 3.37 1.73 73.9 54.5 

SU 2.28 1.20 80.9 39.5 

SD 1.96 1.03 79.1 49.0 

BMA 3.98 2.08 80. 6 67.0 

2nd pressure peak 

WS 2.66 1.33 69.9 43.5 

WN 2.48 1.36 77.9 47.0 

WQ 2.57 1.38 75.7 45.5 

GU 2.90 1.49 71.7 47.5 

GD 3.39 1.83 84.0 90.0 

 

Table 4: Localization of the contact pressure peaks for the eight movements. 

Activity 

Localization 

1st pressure peak 

Femoral head Cotyloid 

WS Superior latero-anterior Superior 

WN Upper antero-lateral Antero-superior 

WQ Lateral-anterior superior Superior 

GU Upper antero-lateral Superior 

GD Upper antero-lateral Superior-anterior 

SU Upper mid-posterior Postero-superior 

SD Superior-posterior Postero-superior 

BMA Upper antero-lateral Superior-anterior 

 2nd pressure peak 

WS Upper antero-lateral Antero-superior 

WN Upper antero-lateral Antero-superior 

WQ Upper antero-lateral Antero-superior 
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GU Upper antero-lateral Antero-superior 

GD Superior-lateral Antero-superior 

 

Figure 6 shows in the form of histograms the averages and standard deviations over a 

cycle of the pressures (maximum 𝑝̅𝑚𝑎𝑥 and mean 𝑝̅𝑚𝑒𝑎𝑛) and the contact areas 𝐴̅ for the 

eight activities. 

 

Figure 6 Comparison of the averages and standard deviations over a cycle of the (a) maximum pressures 𝑝̅𝑚𝑎𝑥 , (b) 
mean pressures 𝑝̅𝑚𝑒𝑎𝑛  and (c) contact areas 𝐴̅ for the eight activities (the bars represent the standard deviations). 

Given the high values of the standard deviations, an analysis of variance is conducted to 

identify the significant differences between the eight activities. In the case where the 

analysis of variance is significant, a post hoc test is also performed with a significance level 

of 5%. 

Four activities (WQ, SU, GU and BMA) are also tested assuming the behaviour of near-

incompressible hyperelastic cartilage. The differences in the results between the two 

hypotheses (elastic and hyperelastic) are negligible (<1%). 

4. Discussion 

In terms of peak values and location, the results for all activities are in agreement with the 

results of Bachtar et al. [6] and Pawaskar et al. [24]. It leads to the following analysis: 
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- The highest maximum pressure peak is observed during the alternation between the 

bipodal station and the monopodal station with 𝑝𝑚𝑎𝑥(67%) = 3.98 MPa. 

- The lowest maximum pressure peak is obtained for the activity "sitting on a chair" 

with 𝑝𝑚𝑎𝑥(49%) = 1.96 MPa. This result is consistent with that of Pawaskar et al. [24]. 

In contrast, Yoshida et al. [1] obtained the highest maximum pressure peak value for 

this movement. The value calculated by Pawaskar et al. using the finite element 

method is 2.57 MPa, while that calculated by Yoshida et al. using the discrete element 

method is 9.36 MPa. This surprisingly high value obtained by Yoshida et al. is 

explained by the contact area at the time of the peak, equal to only 19.7% of the total 

area and located at the outer edge of the cotyloid. This high value is therefore probably 

due to an edge effect. The contact area obtained by Pawaskar et al. at the time of the 

peak is 49.9%. This value is higher than that found by Yoshida et al. (19.7%) and lower 

than the one we obtain (79.1%). This difference can be explained by the geometry of 

the acetabulum considered by Pawaskar et al. as not spherical. 

- The pressure peaks during staircase descent are higher than those during staircase 

climbing. 

- For the activities of rising and sitting, the peak of maximum pressure is obtained when 

the hip has almost reached its maximum flexion. 

- For walking (WS, WN, WQ), climbing and descending stairs, the first pressure peak 

occurs at the beginning of the monopodal phase, and the second peak occurs at the 

end of the monopodal phase. These results are consistent with several studies 

[1,24,25]. For these 5 activities, the contact areas are higher at the time of the 2nd 

pressure peak, which corresponds to the maximum extension of the hip. 

The peak locations change depending on the activity and during movement. For most 

activities, the highest pressures are in the anterolateral upper region of the femoral head 
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and in the antero-superior region of the cotyloid. The findings from Harris et al. [26] align 

with our own results. Their study also revealed that the highest pressures are 

concentrated in the anterior and superior regions of the acetabulum during walking and 

stair descent activities. Some authors [1,27] have hypothesized that the distribution of 

cartilage thickness is related to mechanical stresses, and indeed, the regions of higher 

pressures correspond to those of higher thicknesses [28,29,18,30]. In the presence of 

osteoarthritis, the thickness of the cartilage decreases where it is most stressed. Our 

results are consistent with clinical observations because cartilage degeneration occurs in 

the upper part of the hip joint [31]. 

According to Figure 6 and analysis of variance, the pressures 𝑝̅𝑚𝑎𝑥 and 𝑝̅𝑚𝑒𝑎𝑛 are: 

- significantly different between walking and the other activities, 

- significantly higher between alternating between bipodal and monopodal (BMA) 

stations and all other movements. The BMA movement is therefore the most 

restrictive for the hip joint. 

- not significantly different between getting up and sitting down, which are the two least 

constraining movements for the hip joint, 

- not significantly different between the different walking speeds, 

According to Figure 6 and analysis of variance, the average area 𝐴̅ is: 

- significantly lower for slow walking than for all other movements, 

- not significantly different between normal walking, quick walking and stair climbing, 

- not significantly different between GD, SU, SD and BMA, but significantly higher for 

these four activities than for walking and stair climbing. 
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5. Conclusions 

The main objective of this work was to evaluate the pressure fields and contact areas in 

the hip joint during some daily activities from numerical modelling. To do this, a 

parametric model based on the finite element method was developed (HJPM). The loading 

carried out as well as the position of the articular surfaces during the activities studied 

are the result of the work published by Bergmann et al. in 2001 [13]. This model makes it 

possible to simulate the movement and calculate the temporal evolution of pressure fields 

and contact areas. 

Temporal pressure evolution closely mimics the applied force. In activities such as 

walking and stair-related motions, a bimodal pressure profile is observed, with the second 

peak aligning temporally with the maximal extension of the hip. Staircase descent induces 

higher pressure levels compared to ascent. The alternation between bipodal and 

monopodal stances emerges as the most physiologically restrictive activity, while the acts 

of sitting and rising from a chair are identified as the least restrictive. Pressure peaks 

exhibit varying spatial localizations across activities, predominantly concentrated in 

specific regions of the femoral head and cotyloid. The obtained results align with models 

utilizing a spherical joint paradigm. 

The study covered eight activities. It would be interesting to study new activities involving 

high, repeated but also prolonged loads such as standing or squatting, which are a priori 

harmful to the articular cartilage [32,33]. 

To avoid the use of experimental measurements with instrumented prostheses, coupling with 

musculoskeletal model would offer promising clinical applications in preoperative planning, 

implant optimization, and joint preservation.  
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To reduce the model complexity and obtain a reasonable calculation time, some 

simplifying assumptions were necessary: a spherical shape, no inter-articular space, no 

friction, elastic/hyperelastic cartilage of uniform thickness, and non-deformable bones. 

This model can be improved in the following ways: 

- by making the geometric shape more complex. As in other studies from the literature 

[1,3,34–36], the femoral head and cotyloid were assumed to be spherical in shape. 

Anderson et al. [20] showed that the spherical geometry can underestimate contact 

pressures by 50% and contact areas by 25% compared to a geometry more specific to 

a given subject. A modification of the initial spherical shape can be easily integrated in 

the HJPM to better understand the functioning of the pathological hip joint. In a 

previous study [37], the authors have demonstrated that, in pathological case, a 

conchoid or ellipsoid shape should be considered. Another highly versatile approach 

involves using the basic spherical geometry and deforming it according to a patient's 

morphological specifics through morphing techniques as used by Salo et al. [38]. 

Ghosh et al. [39] have further illustrated that incorporating an anatomical femoral 

head with a cartilage layer is more suitable than utilizing a perfectly spherical head. 

Through the application of morphing techniques, it becomes feasible to seamlessly 

adjust the spherical model to the anatomical model, representing a significant avenue 

for improvement. 

- By taking into account the patient's actual geometric shape, which can be obtained 

from computed tomography (CT) scans [9,40], and integrating it into the parametric 

model allows for individualized modelling. This approach would enable us to 

incorporate the patient's exact joint geometry into the model, thereby reflecting the 

specific anatomical characteristics of each individual. Consequently, this 

parametrization of the model could provide precise insights on the behaviour of the 
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patient's hip joint. It would be particularly valuable for preoperative planning and 

implant optimization, ensuring a better adaptation to the unique morphology of each 

patient. 

- by adding new constitutive structures of the coxofemoral joint. Synovial fluid has not 

been explicitly modelled. We assumed frictionless contact, which is justified by the low 

coefficients of friction measured in vivo in healthy joints [41]. It can, perhaps, play a 

role in the distribution of pressures within the joint [42–44], especially for non-

spherical geometries. The labrum was not modelled either. It fits over the entire 

circumference of the cotyloid eyebrow, thus increasing the depth of the cotyloid cavity 

and improving the covering of the femoral head by extending the cartilaginous surface 

of the cotyloid. It forms a sealed circular seal around the femoral head with the 

transverse ligament to trap synovial fluid between the articular surfaces to reduce 

friction and better distribute pressures [30,43,44]. 

- by enriching the behaviour of cartilage. For very fast or very slow activities a visco-

poro-elastic behaviour would be necessary. Another improvement is also to consider 

the heterogeneous properties of cartilage, experimentally identified by the authors in 

a previous study [22]. 

- by modelling the layers underlying the cartilage (subchondral bone, spongy, cortical) 

by deformable solids and the irregularity of the surface of the bone under chondral 

and the non-uniformity of the thickness of the cartilage. These assumptions may 

impact the results [9,20,45,46].  

The hip model developed being parametric, a natural continuation of this study is the 

sensitivity analysis of mechanical fields to parameters (material, geometrical and load) to 

identify the most influential as a function of movements. This model can therefore help in 

the preoperative planning of peri-acetabular osteotomies of the hip, in the postoperative 
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rehabilitation, and illuminate new aspects of the design and positioning optimization of 

implants. 
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