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Abstract 

The viscoelasticity of the UHMWPE liner may play an important role in the 

lubrication performance of soft artificial hip joints. All the previous lubrication 

analyses for UHMWPE hip implants assumed that the UHMWPE liner was linear 

elastic. In order to investigate the influence of viscoelasticity of the UHMWPE liner, a 

transient viscoelastic lubrication model was developed. The results showed that the 

viscoelasticity played a significant role in the lubrication performance of UHMWPE 

hip implants. Moreover, the retardation time and the ratio of loss and storage modulus 

of the UHMWPE liner had important effects on the lubrication performance of hip 

implants. These findings provide new insights into the lubrication mechanisms of 

UHMWPE artificial hip joints. 

Keywords: Transient viscoelastic lubrication; UHMWPE artificial hip replacements; 

Viscoelasticity; Bio-tribology  
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1 Introduction 

Viscoelasticity widely exists in biological and engineering systems. For example, 

articular cartilage exhibits viscoelastic mechanical behavior due to its biphasic 

structure (consisting of a solid matrix phase and an interstitial fluid phase). Moreover, 

viscoelastic materials are also widely used in biomedical devices, such as the ultra 

high molecular weight polyethylene (UHMWPE) in low modulus artificial hip 

replacements. The deformation process of soft viscoelastic materials, such as 

polymers and elastomers, may display significant time lags and the viscoelastic effect 

may have to be considered in tribological analyses [1, 2]. However, due to the 

complexity of the tribological systems and the time-dependent properties of the 

materials, it is difficult to include the realistic mechanical behavior of the viscoelastic 

materials in a lubrication analysis, which intends to predict the pressure distribution 

and lubricant film thickness of a lubricated system. 

The tribological performance of joint replacements determines the long-term service 

of these medical devices. Proper lubrication analysis can not only assess the 

lubrication regime but also assist in determining design and manufacturing parameters. 

One of the most popular artificial hip designs utilizes a material combination of a 

UHMWPE liner against a metal or ceramic femoral head. Early lubrication analyses 1 

of such hip implants were conducted using a so-called constrained column method, in 

which the deformation at a given point of the UHMWPE liner was only linearly 

related to the local pressure applied to that point. The reason for employing the simple 

constrained column model was mainly because there were no full-field analytical 

solutions for the mechanical deformation of the ball-in-socket geometry. This 

limitation was overcome by Jagatia and Jin [3, 4] using the finite element method 

(FEM) to calculate the elastic influence coefficients. However, the calculation process 

was complex and time consuming. Wang and Jin [5] developed a method in which the 

elastic influence coefficients were fitted based on the normal displacements at the 

nodes along a longitudinal line and the elastic deformation was calculated using a 

spherical fast Fourier transform (SFFT) technique [5]. The SFFT technique improved 

the calculation efficiency significantly and has been incorporated in the lubrication 
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analyses of artificial hip joints [6, 7]. The deformation of the bearing surfaces in all 

the above lubrication analyses were assumed to be linear elastic, which is reasonable 

for hard-on-hard materials. However, if the viscoelasticity of UHMWPE needs to be 

considered, the above methodology may be no longer valid. 

Indeed, the viscoelasticity of bearing materials can have significant influences on the 

lubrication performance. For instance, although Rohde et al [8] found that the 

viscoelasticity effects was minor for a squeeze film lubrication model, both Yoo et al 

[9] and Kaneko et al [10] found that when the viscoelastic effect was considered in the 

squeeze film model, the solutions were remarkably different from those of the 

elastohydrodynamic lubrication (EHL). Moreover, through solving the line contact 

lubrication problem, Elsharkawy [11],  Hooke et al [12], Scaraggi et al [13] and 

Pandey et al [14] all found that the viscoelastic effects of the bearing materials may 

considerably affect the lubrication performance of the system. Furthermore, using a 

point contact lubrication model, Putignano et al [15] confirmed that if the 

viscoelasticity of the bearing surfaces was considered, the pressure distributions, film 

thickness and friction of a lubrication system were significant different from the 

classical EHL regime response. However, the viscoelastic effects of the UHMWPE 

liner on the lubrication performance of soft artificial hip joints remain unclear due to 

the lack of an effective numerical process. 

Therefore, the aim of the present study was to investigate the effects of the 

viscoelasticity of the UHMWPE liner on lubrication performance of the UHMWPE 

artificial hip joints using a new numerical procedure, which can simulate the 

lubrication performance of viscoelastic materials under arbitrary loading histories and 

contact profiles.  

2 Materials and methods 

2.1 Materials 

A standard 28 mm diameter hard material on polyethylene hip implant, which consists 

of a metal or ceramic femoral head and a UHMWPE liner, was analyzed. The radius 

of the cup and head was 14.05 and 14 mm, respectively. The thickness of the 
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UHMWPE liner was 9.5 mm. The instantaneous elastic modulus and Poisson’s ratio 

of UHMWPE was 700 MPa and 0.4, respectively. Since this was the first attempt to 

investigate the viscoelastic effects of the UHMWPE liner on the lubrication 

performance of soft artificial hip joints, a relatively large viscosity (0.01 Pa s) was 

adopted for the lubricant. The material and geometrical parameters were summarized 

in Table 1. 

2.2 Theory of viscoelasticity 

According to the creep response process of viscoelastic materials, the responses of 

strain exhibit highly time-dependent characteristics. In order to characterize the 

viscoelastic properties of such a material, the strain response function was defined as 

[16, 17]: 

)()( 0 tJt                                   (1) 

where J(t) is the creep compliance function representing the time-dependent strain 
((t)) under a unit constant stress (o). 

With regard to the creep response characteristics, the creep compliance of the standard 

linear viscoelastic model was  
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where E2 represents the storage modulus (instantaneous elastic modulus), E1 the loss 

modulus , and Ĳ the retardation time defined as Șu/E1 (where Șu is viscosity of the 

viscoelastic material), which can be estimated by the time required after release of 

stress for the strain to decrease to 1/e (0.368) of its original value[18]. 

The above viscoelastic model was considered as the combination of two springs and a 

dashpot (Fig 1). The response of a viscoelastic material to an arbitrary stress profile 

was obtained by decomposing the loading history into a series of small steps. 

Therefore, the strain resulted from these small steps was superposed to obtain the final 

strain at time t by the Boltzmann hereditary integral [16, 17]: 
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2.3 Lubrication model 

A ball-in-socket model was used to represent the articulation of the cup and head (Fig 
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2). The cup was assumed to be positioned horizontally under the vertical load wy. 

Only the flexion/extension angular velocities Ȧz were considered as they play a 

dominant role during the daily working of hip joints. A Leeds Prosim hip simulator 

walking pattern (Fig 3) was considered in this study. 

The time-dependent Reynolds equation in spherical coordinates used in this study was 

[19] 
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where p is the hydrodynamic pressure; h is the thickness of the lubricant film; Rc is 

the radius of the head; t is time; Ș is the viscosity of the periprosthetic synovial fluid; 

Ȧz is the angular velocity of the femoral head; and ׋ and ș are the spherical 

coordinates defined in Fig 2. 

The external load components imposed on the acetabular cup was balanced by the 

resultant forces on the cup generated by the film pressure: 
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where Rc is the radius of the cup and Wy is the loading applied. Since only the vertical 

and flexion/extension motions were considered in the present analysis, the load ad 

balance equation along z direction was satisfied automatically. 

The film thickness consisted of the undeformed gap of the spherical bearing surfaces 

and the viscoelastic deformation due to the present and history hydrodynamic 

pressures: 

   teecth yx ,,sinsincossin,,               (8) 

where  is the viscoelastic deformation of the UHMWPE cup; c is the radial clearance 

between the cup and the head; and ex and ey are eccentricities of the femoral head. 

2.4 Numerical methods 

2.4.1 Algorithm description 
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In order to facilitate the numerical process and improve the stability, the governing 

equations were non-dimensionalized. A multi-grid method [20, 21] was used to solve 

the Reynolds equation. On each grid level, the finite difference method was used to 

approximate the Reynolds equation. The central difference was applied to the left 

hand side of the equation and the backward difference to the right hand terms. The 

detailed numerical approach was similar to that of the linear elastic model in the 

previous publications [20, 21]. 

To consider the memory effect of viscoelastic materials, the time domain was 

discretized into 128 small time steps, which were identical to the employed instants of 

a walking cycle. The pressure distributions were assumed unchanged in each time 

step. The pressure at node (k, l) after Ȗ time increments was denoted by p k, l, , 

therefore, the pressure increment in the Ȗth time step was p k, l,   p k, l, -1. Based on the 

Boltzmann hereditary integral, the displacement considering the viscoelastic effect at 

node (i, j) after Ȗ time steps was written as: 
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- , ,
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K    

 is the viscoelastic coefficient, representing the viscoelastic 

deformations after Ȗ time steps in the element (i, j) caused by a unit pressure acted on 

the element (k, l) in all the previous Ȗ’ time steps (Ȗ’ ≤ Ȗ). 

The viscoelastic deformation coefficients were derived by the creep compliance 

function and linear elastic coefficients as follows: 

 , , ,
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i k j l i k j l
K J D                                 (10) 

where,
,i k j l

D  
 is the deformation coefficients of the model when only the 

instantaneous elastic modulus E2 and Poisson’s ratio ȣ were considered.  

Equation (9) shows that all pressure distributions in the previous Ȗ-1 time steps were 

needed to calculate the viscoelastic deformation at time t = Ȗǻt. Therefore, once the 

pressure at Ȗ’ (Ȗ’≤Ȗ) time instant was obtained, it was saved for the calculation of the 

viscoelastic deformation at the Ȗth time step. As the multi-grid method was employed 

to calculate the discretized Reynolds equation, the viscoelastic deformation 
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calculation was implemented more than once during each W cycle. Hence, the most 

time consuming step of the transient viscoelastic lubrication analysis was the 

calculation of the viscoelastic deformation caused by the hydrodynamic pressure 

history. Since the viscoelastic deformation (Equation (9)) is a discrete convolution 

between viscoelastic deformation coefficients and hydrodynamic pressure increment 

of the Ȗth time step, the deformation was calculated using the 2-based 

decimation-in-frequency fast Fourier transform (FFT) algorithm [5, 22, 23], in order 

to improve the calculation efficiency (reducing the time complexity from  222

1 NNO  to 

  21221 log NNNNO .  

2.4.2 Calculation of the instantaneous elastic and viscoelastic deformation coefficients 

The instantaneous elastic deformation coefficients of the cup surface (
,i k j l

D  
) were 

calculated using a finite-element-based method (Wang and Jin 2004). A unit pressure 

was applied to an element located at the center of the inner surface of the cup. The 

displacement distribution along a longitudinal line caused by the unit pressure was 

calculated in ABAQUS 6.14 (Dassault Systèmes Simulia Corp, United States). These 

displacement coefficients were subsequently used to curve fit a displacement 

influence function making use of the spherical distance as the independent variable. 

The deformation coefficients of all other nodes on the surface were calculated based 

on this function. Because three levels of grid were adopted for the MG method, the 

influence coefficients of different meshes (65×65ˈ129×129̍ and 257×257 nodes) 

were calculated and saved for the use in the numerical analysis. Based on the 

instantaneous elastic coefficients and creep compliance function, the viscoelastic 

coefficients were obtained for each time instant over a gait cycle using equation (10).  

The accuracy of the elastic and viscoelastic deformation coefficients were checked by 

calculating the deformation caused by a given pressure distribution and then 

comparing with the deformation obtained from a finite element analysis (FEA). In 

order to achieve this, a parabolic pressure distribution with the maximum pressure of 

10 MPa and a half contact angle of 30 degrees was applied to the bearing surface of 

the cup. When the elastic deformation coefficients were verified, the cup was assumed 
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to be elastic, and the deformation calculated by the elastic deformation coefficients 

was compared with that by the FEA. When the viscoelastic deformation coefficients 

were verified, the cup was viscoelastic and the pressure distribution was held for a 

period of time (i.e. 40 s). Then the viscoelastic deformation was calculated at several 

time instants (1s, 10 s, 20 s, 40 s) using both the FEM and present numerical method 

and compared. 

To verify the numerical method further, the variation of the viscoelastic coefficient of 

a node with time under the action of a unit constant pressure was also calculated using 

Equation (10). In order to provide more verification, the effect of different retardation 

times (from 4 s to 100 s) on the viscoelastic coefficient of a node was also 

investigated.   

2.5 Comparison scheme 

In order to investigate the effects of the viscoelasticity of the UHMWPE, the 

maximum pressure, minimum film thickness, deformation caused by the 

hydrodynamic pressure and the cross-sectional pressure and film thickness profiles 

along the entrainment direction were compared between the viscoelastic model and an 

elastic model. In the elastic model, the UHMWPE liner was assumed to be linear 

elastic with the modulus of 700 MPa. 

In order to understand the effects of the retardation time (Ĳ) and mechanical loss factor 

(the ratio of loss and storage modulus, E1/E2), a wide range of variations (4 s to 100 s 

for Ĳ and 0.1 to 0.25 for E1/E2), which were all within a previous experimental test [2],  

were investigated. When the effect of the retardation time was investigated, 

mechanical loss factor was kept as a constant (0.14). When the effect of mechanical 

loss factor was investigated, the retardation time was a constant (13.81 s). Values of 

0.14 and 13.81 s were chosen because they correspond to the normal body 

temperature (37ႏ) [2].   

3 Results 

The instantaneous elastic displacement influence coefficients and viscoelastic 

deformation coefficients of the UHMWPE cup employed in the present study were 
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both accurate enough (Figs 4 and 5). The deformations of the UHMWPE cup 

calculated from the deformation coefficients were all very close to those from the 

FEA (Figs 4 and 5). The biggest differences in the predicted maximum deformation 

between the deformation coefficients and the FEA were all below 1.2%.  

The variation in the viscoelastic deformation coefficient of the node where a unit 

constant pressure was applied was shown in Fig 6. With the increase in time, the 

viscoelastic deformation coefficient increased until it reached to the equilibrium value, 

which was equal to the instantaneous elastic deformation. Moreover, with the increase 

of the retardation time, the time needed to reach the equilibrium value was longer.   

The effects of the viscoelasticity of the UHMWPE liner on the lubrication 

performance were investigated by comparing the deformation, maximum pressure and 

minimum film thickness in a walking cycle between the elastic model and the 

viscoelastic model with the retardation time of 13.81s and loss factor 0.14 (Figs 7 and 

8). The comparisons of the deformation and maximum pressure in a walking cycle 

between the elastic and viscoelastic models indicated that the viscoelasticity of the 

UHMWPE liner had a remarkable effect on the lubrication performance (Figs 7 and 8). 

The viscoelastic deformation at the center of the contact at the first and second load 

peaks were 64.8 and 72.2 ȝm, respectively (Fig 7). Compared with the linear elastic 

case, these values increased 3.6% and 14.7%, respectively. The maximum pressure in 

the elastic model at the two loading peaks during the walking cycle was both around 

9.7 MPa. In the model considering the viscoelastic property, the maximum pressure at 

the first and second loading peaks was about 9.5 and 9.2 MPa, respectively. Moreover, 

in the viscoelastic model, the maximum pressure at 1.0 s was obviously lower than the 

value at 0.14 s, with a reduction of 14.5%. However, in the elastic model, the values 

at these two instants were almost the same since the loading at these instants was the 

same (300N). It is also worth noting that the effect of the viscoelasticity of the 

UHMWPE liner on the minimum film thickness was not considerable (Fig 8). The 

two curves were quite similar between 0-0.55 s. Compared with the elastic model, the 

film thickness of the viscoelastic model dropped a little before increased again and 

slightly overpassed that of the elastic model. 
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The effects of the viscoelasticity of the UHMWPE liner on the lubrication 

performance of hip implants were confirmed by the comparison of the cross-sectional 

pressure and film thickness profiles along the entrainment direction between the 

elastic model and the viscoelastic model (Fig 9). For instance, the maximum pressure 

at instant 1.0 s was much smaller than that of instant 0.14 s while the contact area at 

instant 1.0 s was larger than that of instant 0.14 s (Fig 9a). Moreover, the cross 

sectional pressure of the elastic model along the entrainment direction displayed very 

similar distributions at time instants 0.25 s and 0.65 s when the loading was similar. 

However, the pressure distributions of the viscoelastic model showed larger contact 

areas and much smaller maximum pressure (Fig 9a). At all the time instants presented 

in Fig 9b, the cross-sectional film thickness distributions of the viscoelastic model 

along the entrainment direction were slightly thicker than those of the elastic model. 

With the decrease in the relaxation time of the UHMWPE liner, the hydrodynamic 

pressure decreased and the minimum film thickness became thicker (Figs 10 and 11). 

It is interesting to notice that with the increase in the relaxation time, the maximum 

pressure and film thickness of the viscoelastic model approached to those of the 

elastic model. When the relaxation time was 100 s, the difference became very small 

between the solutions of the viscoelastic model and the elastic model (Figs 10 and 

11). 

With the decrease in the ratio of loss and storage modulus (E1/E2) from 0.25 to 0.1, 

the maximum pressure decreased and the difference became more apparent in the 

stand phase during which the loading was heavier (Figs 12 and 13). It should be noted 

that when the ratio increased from 0.1 to 0.25, the maximum pressure and minimum 

film thickness tended to approach to those of the elastic model (Fig 12). Moreover, as 

shown in the pressure distribution and film thickness profiles (Fig 13), the contact 

area became larger and the pressure decreased as E1/E2 decreased. The general film 

thickness distribution indicated an increasing trend as E1/E2 decreased although the 

minimum film thickness decreased at time instant 0.65 s. 

4 Discussion 
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In all the previous studies [3, 24-29] that investigated the time-dependent lubrication 

performance of UHMWPE hip replacements, only the Reynolds equation considered 

the effects of the previous time instant on the present instant. The deformation at a 

given instant was determined by the hydrodynamic pressure of that single instant. 

However, the deformation of the viscoelastic materials is a different scenario. Due to 

the time-dependent properties of the materials, the viscoelastic deformation depends 

on not only the present pressure distributions but also the loading history. A new 

model and numerical procedure have to be developed to consider the viscoelastic 

deformation in UHMWPE artificial hip joints. As a result, the viscoelastic effects of 

the UHMWPE liner on the lubrication performance of artificial hip joints are still not 

clear. Therefore, the aim of this study was to investigate the effects of the 

viscoelasticity of the UHMWPE liner on the lubrication performance of artificial hip 

joints with an effective numerical process.  

The validity of the numerical method developed in this study was supported by the 

following facts. First, the deformation calculated by the numerical method developed 

in this study agreed very well with that by the FEA (Fig 5), which indicated that the 

viscoelastic deformation coefficients used in this study were reliable. Secondly, with 

the increase of time, the viscoelastic deformation at a node under unit pressure 

calculated using Equation (10) approached to the equilibrium deformation of the 

material (Figure 6), which provided more validation for the viscoelastic deformation 

coefficients used in the numerical analyses. In addition, the results of the lubrication 

analyses were physically reasonable. For instance, it is reasonable to consider the 

elastic lubrication model as a special case of the viscoelastic lubrication model when 

the value of the relaxation time is large enough. This is because the viscoelastic time 

lag response will be so long that the residual deformation of the previous time instants 

can hardly have an obvious impact on the deformation at present time step. When the 

ratio of loss and storage modulus is large enough, the storage modulus plays a major 

role and the viscoelastic model should perform as the linear elastic case. The results 

produced in this study agreed with the above two arguments very well (Figs 10 and 

12).  
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The inclusion of the viscoelastic effects did have considerable influences on the 

predicted lubrication performance of UHMWPE artificial hip joints. For instance, the 

predicted maximum pressure was smaller than that of the elastic model, and 

differences in the maximum pressure between the elastic model and viscoelastic 

model became more obvious with the increase of time (Fig 8). This was due to the 

influence of residual deformations at the previous time instants, which can be clearly 

seen from the variation of viscoelastic deformation during a gait cycle (Fig 7). In the 

viscoelastic model, the calculations of deformation of later time steps were based on 

the deformed geometry rather than the initial geometry. Therefore, the accumulated 

deformation was larger than that of the elastic model, which caused a larger contact 

area (Fig 9). As a result, the hydrodynamic pressure of the viscoelastic model was 

lower than that of the elastic model under the same applied load patterns. However, 

different from the monotonous decrease of the maximum hydrodynamic pressure, the 

film thickness displayed slight fluctuations compared with the elastic case (Fig 8). In 

other words, the viscoelasticity of the UHMWPE liner had little influence on the 

lubricating film thickness. This conclusion is consistent with a previous study [8]. 

It should be noted that the effect of the viscoelasticity on the pressure distribution 

seemed not the same as some previous studies. In the previous studies [12, 30], the 

pressure distribution was asymmetric when the viscoelasticity was considered. 

However, the pressure and film thickness distribution profiles of the viscoelastic 

lubrication model in this study resembled those of the pure elastic model. This may be 

because in the previous studies a pure rolling condition was considered. However, the 

relative motion in the artificial hip joints is pure sliding and the contact area of a fixed 

UHMWPE cup is the same as the pure squeeze film lubrication throughout the 

walking cycle, which is different from the pure rolling case.  

The parametric analyses of this study may have important implications for the design 

of UHMWPE hip implants. For instance, this study found that with the decrease in the 

retardation time, the contact area and file thickness increase and the maximum 

pressure reduces (Figs 10 and 11). Moreover, with the decrease in the loss modulus, 

the influence of dashpot of the UHMWPE became more apparent and the viscoelastic 
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deformation was more likely to contribute to the lubrication performance of the hip 

implants (Figs 12 and 13). These findings may provide guidance for the future design 

of UHMWPE hip implants.  

There are a few limitations in this study. First, it has been well known that the film 

thickness developed in UHMWPE hip joint was not large enough to separate the 

matting surfaces [6, 31]. In other words, the UHMWPE artificial hip joint usually 

works in a mixed lubrication environment. However, the surface profile of the 

UHMWPE liner was assumed to be smooth in this study. Secondly, in order to 

achieve a good convergence for the model and investigate the influence of 

viscoelasticity of UHMWPE liner on the transient lubrication performance of artificial 

hip joints, the viscosity used for the lubricant was larger than the realistic value. In 

addition, the accuracy of the proposed viscoelastic model was only verified for the 

case that the contact area is away from the edge of the cup. However, the edge loading 

conditions exist in reality. To account for such adverse conditions in the lubrication 

analyses, a more complex lubrication model considering the inclination of the cup and 

even lubricant starvation needs to be developed [32]. Furthermore, only one normal 

walking gait was considered in this study. However, the reciprocating motion of the 

joint may have important effects on the viscoelastic performance of UHMWPE. 

Therefore, it is necessary to investigate the oscillation through simulating more gaits 

and different types of motions such as slow walking, brisk walking, jogging and 

running. All these limitations will be addressed in future studies. Despite these 

limitations, this study has developed an effective model to study the effects of the 

viscoelasticity of UHMWPE liners on the lubrication performance of hip implants and 

showed that the viscoelasticity of the UHMWPE liner may play a significant role in 

the lubrication performance of hip implants.  

5 Conclusions 

A transient viscoelastic lubrication model was developed and solved in order to 

investigate the influence of viscoelasticity on the lubrication performance of 

UHMWPE artificial hip joints. The results showed that the viscoelasticity of bearing 
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surfaces played significant role in the lubrication performance and should not be 

ignored. Moreover, the relaxation time and the ratio of storage and loss modulus of 

the UHMWPE liner had important effects on the lubrication performance of the hip 

implants. 
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Table 1 Material and geometrical parameters adopted in the simulation 

Radius of femoral head, RH 14 mm 

Radial clearance, c 50 ȝm 

Thickness of UHMWPE cup 9.5 mm 

Instantaneous elastic modulus of UHMWPE 700 MPa 

Poisson’s ratio of UHMWPE 0.4 

Viscosity of 25% bovine serum solution 0.01 Pa.s  
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Fig. 1 The standard linear viscoelastic model adopted in this study 
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Fig. 2 The ball-in-socket lubrication model of the hip joint 
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Fig. 3 Load and angular velocity profiles of Prosim hip simulator gait pattern 
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Fig. 4 The cross-sectional elastic deformation of the UHMWPE cup in the latitude direction under 

a parabolic pressure distribution with the maximum pressure of 10 MPa 
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Fig. 5 The cross-sectional viscoelastic deformation of the UHMWPE cup in the latitude direction 

under a parabolic pressure distribution with the maximum pressure of 10 MPa (Ĳ =10s) 
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Fig. 6 The variation in the viscoelastic deformation coefficient of a node at the center of the cup 

under a unit constant pressure distribution 
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Fig. 7 Elastic and viscoelastic deformations of a node at the center and a node 30° away from 

center of UHMWPE cup (E1/E2=0.14, T=37ႏ,Ĳ=13.81s) 
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Fig. 8 The comparison of the maximum hydrodynamic pressure and minimum film thickness 

between the elastic model (E1/E2=0.14, T=37ႏ) and the viscoelastic model during a walking 

cycle 
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(a) Pressure                           (b) Film thickness 

Dash line: elastic model; Solid line: viscoelastic model, relaxation time Ĳ =13.81s 

Fig. 9 The variation of the hydrodynamic pressure (a) and film thickness (b) along the entrainment 

direction with time (E1/E2=0.14, T=37ႏ) 
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Fig. 10 The variation in the maximum pressure and minimum film thickness of the elastic and 

viscoelastic models for different relaxation times in a walking cycle 
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                  t =0.25s                                t =0.45s 

  

                  t =0.65s                                 t =1.0s 

Fig. 11 The comparison of the pressure and film thickness along the entrainment direction 

between different retardation times and the elastic model at several time instants 
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Fig. 12 The comparisons of maximum pressure and minimum film thickness in a walking cycle 

between different mechanical loss factors (E1/E2) 
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                 t =0.25s                                t =0.45s 

 

t =0.65s                                t =1.0s 

Fig. 13 The pressure and film thickness along the entrainment direction between different 

mechanical loss factors (E1/E2) and the elastic model at several time instants 

 

 

 

 

 

 

 

 


