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KEYWORDS ABSTRACT

This study examines the biomechanical implications of lubricants
trapped in deformable sinusoidal valleys under loading and
unloading against rigid flats using the finite element method
(FEM). This phenomenon is similar to the intervertebral discs in
the spine under loading-unloading conditions. Materials are
assumed to be elastic-perfectly plastic, and lubricants are
modelled as either compressible or incompressible. The contact
area, deformation, and von Mises stress have been discussed in

Contact mechanics this study. The result showed good agreement with the past
Elastic-plastic research in the dry conditions and the trapped fluid in the
Sinusoidal incomplete filling during loading conditions. The incomplete
Trapped fluid filling is the condition of the sinusoidal valley volume being bigger
Loading-unloading than the lubricant volume. Additional lubricant reduces the

contact area and deformations in the loading conditions while
shrinking the von Mises stress distribution. For dry and lubricated
contact, the most significant decline in contact area, deformation,
and von Mises stress distribution is observed in incompressible
conditions. Additional lubricant reduces contact area and
deformations and shrinkage of the von Mises stress distribution in
the complete filling. The findings are necessary for understanding
joint mechanics and the durability of biomedical implants.
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1.0 INTRODUCTION

Contact mechanics are challenging conditions to avoid failure (Oner et al., 2022; Yaylac et al.,
2022). The moment two solids came into contact, the load was applied in normal and tangential
conditions, which caused the failure (Boucly et al., 2007; X. Wang et al., 2017; Yaylaci, Abanoz, et
al,, 2022; Yaylac et al,, 2022). Most of the contact mechanics analysis is loading. In real-world
conditions, loading-unloading with multiple cycles always happens especially in biomechanics
problems. Consequently, studying loading-unloading contact is essential to predict the lifetime
and when to maintain engineering products. To determine the service life of a structure, it is
necessary to decide on the damage that will occur at its contact points and avoid cracks in the
structure (C)Zdemir & Yaylaci, 2023; Yaylaci et al.,, 2023; Yaylaci, Yaylaci, et al., 2022). The contact
problem can be solved using experimental, analytic, and numerical approaches (H. Wang et al.,
2017; Yaylaci, 2016, 2022).

The study of loading-unloading contact is mainly in the asperity contact model. The conformal
geometry has been used in the asperity contact models such as spherical, elliptical, and sinusoidal.
The reason for using conformal geometry is to simplify the analysis from the peak of surface
roughness. The first study of asperity contact models in the loaded condition by Hertzian models
analysis in the elastic material (Fischer-Cripps, 2000). The metal will undergo elastic and plastic
contact. The asperity contact has many aspects to analyze, such as material properties and
boundary conditions. From the material perspective, JG (R. L. Jackson & Green, 2005), KE (Kogut
& Etsion, 2002), YT (You & Tang, 2022), Chen et al. (Chen et al., 2022) are extending the analysis
of elastic-plastic material. Furthermore, in the boundary conditions, (R. Jackson et al., 2005), and
(Zhao et al,, 2015) have extended the analysis to the unloaded condition. The loading-unloading
has been extended to multiple cycles, such as Wang et al. (J. Wang et al., 2018), Kadin et al. (Kadin
et al,, 2006), and CS (Chatterjee & Sahoo, 2013). However, that research neglects friction and
lubricant, where friction and lubricant are found in most engineering products.

Engineering surfaces were rough, and the peak of surface roughness is called asperity (Z. J.
Wang et al,, 2010). The contact of two engineering surfaces occurred because of asperity contact
(Chang & Zhang, 2005; Taylor, 2022). The lubricant is a function that separates the surfaces
(Bijani et al., 2019; Soltz et al., 2003). However, in the heavy load and the effect of heating as a
cause of loading-unloading with multiple cycles, the separation from the lubricant becomes thin,
and some of the asperities will come into contact (Zwicker et al., 2022). The between asperities
have trapped the lubricant, and the contact phenomenon is interesting to investigate. Because
the trapped fluid is found in the human body such as nucleus pulposus of the spine (Mustafy et
al,, 2014; Wang MD et al., 2018), or to the joints (Ferguson et al., 2000; Kumaresan et al., 1998)and
eyes (Huang et al., 2020).

Several researchers have studied the trapped lubricant, such as Kudo et al. reported the
lubricant had reduced friction at the tool-work interface, and the hydrostatic pressure from the
trapped lubricant supports contact pressure for low friction (Kudo, 1965). Normal pressure and
bulk modulus affect the contact area for trapped lubricant conditions (Nellemann et al., 1977).
Bulk modulus indicates that the lubricant is a compressible fluid. Nielsen et al. studied the asperity
flattening with entrapped lubricant under bulk deformation with new specimen design, friction
differences with and without trapped oil (Nielsen et al., 2022). SY has reported the elastic-plastic
problem (Shvarts & Yastrebov, 2018). However, the study of trapped fluid in the loading-
unloading conditions is limited.

The present study extended the SY analysis of contact interfaces of trapped fluid in loading-
unloading conditions. The contact mechanics investigation concerns contact area, deformation,
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fluid pressure, and von Mises stress loading process. This study could serve as a preliminary
investigation into trapped fluid under multiple-cycling loading. Understanding loading-unloading
behaviour is useful in solving biomechanics problems such as cartilage and intervertebral disc
which is crucial for predicting their performance and longevity under physiological conditions.

2.0 MATERIAL AND METHODS

In this study, the geometry of the contact problem is shown in Figure 1. The sinusoidal
geometry was generated using SolidWorks using equations from SY (Shvarts & Yastrebov, 2018),
Westergaard (Westergaard, 1939), and Kuznetsov (Kuznetsov, 1985). The sinusoidal models
created a plane and imported it to the finite element software with the exported file (.stl). The
finite element analysis using Abaqus CAE software to solve the contact problem. The three-
dimensional (3D) analysis is comprehensive. Accurate results and versatile application, while
disadvantages of 3D are complex setup and high computational time (Corda, Chethan, Bhat N, et
al,, 2023; Corda, Chethan, Satish Shenoy, et al., 2023; Goktas et al., 2022; Reginald et al., 2023).
This study used the two-dimensional (2D) planar for cost-effective, simple and faster analysis,
and the models are ideal for planar problems (Yaylaci et al., 2024). The element CPS4 was used to
solve the contact problem.

| S ——

Figure 1: The geometry of the trapped fluid contact surfaces.
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The boundary conditions determined based on the SY (Shvarts & Yastrebov, 2018), where the
load was applied as a pressure on the bottom surfaces of the sinusoidal. The rigid flat was fixed in
all directions, while the sinusoidal only moved in the axis Y direction. The static general with
surface-to-surface contact has been used to solve this problem. The loading-unloading process
was modelled using three phases that were carried out continuously. First, the initial phase for
lubrication input using a fluid cavity with the lubricant's characteristic compressible or
incompressible properties. Second, the load has been applied (loading phase), and third, the load
was removed (unloading phase). The details of the solid and liquid material properties are shown
in Table 1.

Table 1: The material properties.

Properties Item Value Unit
Solid Modulus Elasticity 70000 MPa
(Aluminum) Poisson Ratio 0.33 -
Yield Strength 240 MPa
Liquid Density 1000 Kg/m3
Bulk Modulus 2000 MPa

3.0 RESULTS AND DISCUSSION

The contact of unloading is the next step of loading contact where the load is removed (Jamari
etal, 2007; Jamari & Schipper, 2007). The loading process in the elastic contact can be seen as the
contact phenomenon. However, the unloading process mostly neglected the contact phenomenon
because elastic contact has a highly reversible characteristic. Elastic-plastic contact is a partially
reversible contact phenomenon (Lamura etal., 2024). The finite element analysis (FEA) is of great
research interest because of its lower cost, faster analysis, and more effortless depiction of stress
distribution than the experimental approach. Study meshing is the first analysis before comparing
with experimental or past research results. The study of meshing is to find the ideal mesh to FEA
with the criterion that different element sizes or numbers of elements have a deviation of less
than 1%. This indicates the mesh no longer affects FEA results and has a faster analysis than the
smaller element size. The study of meshing in this study is depicted in Figure 2.
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Figure 2: Study of meshing.

The next step of study meshing is validation. The validations of the present study can be
compared with experimental or past research results. The present study has been compared with
the analytical approach from the FEA results from SY in loading conditions, where this study has
extended the previous study in the unloading conditions. Figure 3 shows the contact area against
an external load. The present study has been simulated with and without lubricant. The lubricant
is modelled as incompressible and compressible. The “Incompressible lubricant-0.9” means the
fluid volume is divided by cavity volume. The Present study (NO) agrees well with the SY model.
In the incompressible conditions with the ratio volume of lubricant and pocket amount 0.9, have
a very good agreement between the SY model and the present study as shown in Figure 3a. The
contact area is non-monotonic for external pressure after the fluid has become activated where it
is increases and then abruptly decreases, corresponding to the moment fluid pressure has
reached the contact pressure and, consequently, permeation has begun (Shvarts & Yastrebov,
2018).

The loading and unloading processes have different contact areas, and the contact area in the
loading process is bigger than the unloading process. Because the model still has the elastic part.
The elastic makes models reversible and decreases the contact area. However, in this study of an
incompressible fluid, when the fluid is activated, the contact area has been the same at p/E* = 6.48
x 104 to 5.26 x 103 between the loading and unloading process as depicted in the Figure 3b. The
different phenomenon has found that the contact area in the unloading process is higher than in

61

Von Mises Stress, o, [MPa]



Jurnal Tribologi 43 (2024) 57-70

the loading process at p/E* = 5.26 x 10-3. This phenomenon happened because the fluid pressure
still has a value before zero. Therefore, the fluid pressure is insignificant to the reduction of the
contact area caused by the plasticity material (irreversible) and the increase of the contact area.

Adding lubricant in the trapped conditions reduces the contact area at the ratio volume of
fluid and pocket amount 1. The fluid is given to the fluid pressure in all directions, and the
pressure has different directions with the external Load as a reason for the contact area decrease.
The resultant forces become smaller because the external load has resistance pressure from the
fluid pressure. The Resultant forces become smaller, and the contact area (see Figure 3) and
deformation (see Figure 4) also decrease. During the loading and unloading phase, a different
phenomenon is observed when the volume ratio of fluid to pocket is equal to 1. For the
compressible lubricant, the contact area in the loading phase shows a similar trend to that without
fluid but with a lower value. In contrast, in the unloading phase, the contact area very close to zero
was hard to measure. However, the incompressible at the loading and unloading phase consists
of the contact area being zero and the stress concentrated at the peak of the sinusoidal model
being considered negligible.
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Figure 3: The comparison of the contact area against external Load between: a) the SY model and
present study, b) the present study dry and lubricated.

Figure 4 depicts the deformation phenomenon resulting from increasing external load in both
lubricated and non-lubricated conditions. As the external load increases, deeper deformations
occur in all situations. However, additional lubrication in the cavity distinctly leads to shallower
deformation. From an elastic-plastic contact perspective, it is evident that the reduction in
resultant forces due to lubrication causes smaller deformations, necessitating a higher external
load for plastic deformation to occur. Avoiding plastic deformation is crucial in engineering design
as it is often a precursor to failure (Raabe et al, 2025). Therefore, enhancing the accurate
detection of plastic deformation can significantly improve efficiency. Adding lubricant remarkably
reduces deformation caused by fluid pressure pressing in all directions. Fluid pressure also
escalates with increasing external loads, as shown in Figure 5. Acting like a spring, the lubricant
undeniably diminishes the applied force (Mang et al.,, 2010; Nielsen et al., 2022; Zwicker et al,,
2022, 2023). From the biomechanical perspective, the incompressible safety lubrication in the
intervertebral than compressible, as reported the incompressible lubricant has a small
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deformation and reduces the von Mises stress distributions. Mosbah & Bendoukha reported
degenerative in the lumbar spine has modelled using compressible fluid (Mosbah & Bendoukha,
2018). The findings of the present study suggest that the higher potential for back pain may be
attributed to the behavior of the nucleus pulposus, particularly under conditions where
compressible lubricants are present.

The lubrication acting like a spring is resistant to decrease the deformation. The deformation
in the unloading process is smaller than the loading process, as the model still exists in the elastic
part. In the loading-unloading process, the difference in deformation indicated the spring back of
the model had become even in full plastic contact because the maximum stress with the equal
value to the yield stress of the material is undistributed to the model overall (Lamura et al., 2024).
The distribution of the von Mises stress is shown in Figure 6.
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Figure 4: The external Load against deformation in the conditions with and without lubricant.

The investigation into fluid or hydrostatic pressure's impact on external load focuses on the
distinction between incompressible and compressible lubricants, as depicted in Figure 5. During
the loading process, it is noted that an incompressible lubricant with a volume ratio of 1 displays
higher fluid pressure compared to a compressible lubricant. This difference can be attributed to
the physical properties of incompressible fluids, which resist changes in volume under pressure.
Consequently, when an external load is applied, the pressure within the confined fluid rises
significantly. The compressible lubricant, under the same conditions, exhibits lower fluid
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pressure. This is due to the capacity of compressible fluids to alter their volume in response to
pressure, resulting in less resistance and, therefore, lower pressure buildup.

The fluid pressure in the volume ratio of 1 at the incompressible and compressible lubricants
drops to zero, indicating that the trapped fluid is effectively relieved of pressure when the load is
removed. This behaviour aligns with the principles of fluid mechanics, where pressure is directly
related to the applied load. The increase in trapped fluid pressure during the loading process can
be attributed to the physical phenomenon of stress distribution within the material. In all
conditions, the fluid pressure rises as the external load is applied, leading to a higher von Mises
stress. The von Mises stress measures the yielding criteria for materials under complex loading
conditions and plays a critical role in predicting the onset of plastic deformation (R. L. Jackson &
Green, 2005). The incompressible lubricant generates higher fluid pressure, resulting in greater
von Mises stress. This indicates that the material is more likely to approach its yield point when
using an incompressible lubricant under the same loading conditions compared to a compressible
one. On the other hand, the compressible lubricant, with its ability to absorb some of the applied
load through volume change, results in lower fluid pressure and, subsequently, lower von Mises
stress.
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Figure 5: The effect of external Load on fluid pressure.

The goal of the lubricant is to increase the separation of two solid bodies coming into contact
(Bijani et al., 2019). However, the full separation of two solid bodies is difficult, especially in the
extreme load. The contact area and deformation correspond to an effect of the lubricant
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separating the contact problem with a decrease in the contact area and deformation. The von
Mises stress distribution becomes smaller when lubricant is added. In the no-fluid condition, the
von Mises stress is concentrated in the sinusoidal peak with the solid contact from the rigid flat.
Therefore, the compressible lubricant combines the phenomenon of no-fluid and incompressible
with a volume ratio equal to 1, where the von Mises stress distribution shrinks compared to the
no-fluid. The reduction of concentrated the maximum value of von Mises stress indicates that the
solid and liquid contact happens simultaneously.

The incompressible lubricant shows the distribution of von Mises stresses with similar colour,
indicating that fluid pressure is distributed in all directions of the cavity surfaces model. As
mentioned in the contact area, when the fluid is activated, the contact area increases and
decreases at a volume ratio between the fluid and the sinusoidal cavity less than 1. Different
results were found when the fluid volume between the fluid and the sinusoidal cavity is equal to
1 in the incompressible fluid where the contact area is zero, as indicated by the fluid being active
in the beginning and resisting the contact area. The fluid pressure is distributed over the entire
surface, where this phenomenon corresponds to the von Mises stress distribution in Figure 6. The
contour shows a similar colour in the distribution of von Mises stress. This provides insight into
the trapped lubricant given the fluid pressure under compression, which reduces and spreads the
distribution of von Mises stress. This indicates that stress will be spread out the concentrated load
in the peak of sinusoidal (see Fig 6. at the NO Fluid) to the entire surface of the cavity, which
results in the maximum value stress having a smaller distribution (see Fig. 6 at the incompressible
with the volume ratio = 1).

While this study provides valuable insights, the present study has several limitations. First, the
material is assumed to be elastic-perfectly plastic which is a simplification compared to more
complex material behaviours. Future studies should explore variations in material properties,
including strain hardening and anisotropic materials. Second, the model is simplified using 2D
planar representation, whereas a 3D model would be necessary to capture more complex
interactions accurately. Third, the lubricant is modelled under ideal conditions with constant bulk
modulus for compressibility and incompressibility. In real-world conditions, lubricants are
compressible with varying bulk modulus, and this variability should be considered in future
research. Fourth, the study only considers normal loading and unloading. Future studies should
investigate additional loading conditions to provide a more comprehensive understanding such
as repeated load (Jamari et al., 2014; Jamari & Schipper, 2008), combined the normal load with
tangential load (Kucharski & Starzynski, 2019), and rolling contact (Bogdanski & Lewicki, 2008;
Miftakhova et al.,, 2019). These limitations highlight areas for future research to enhance the
accuracy and applicability of the findings especially in biomechanics.

4.0 CONCLUSIONS

The loading and unloading behaviour of an elastic-plastic contact in the presence of trapped
fluid interference has been studied. The study demonstrates that trapped lubricants significantly
influence the contact area, deformation, and von Mises stresses under loading conditions.
Compared with compressible lubricants, incompressible lubricants display a greater fluid
pressure resistance, resulting in a smaller von Mises stress. This indicates a lower likelihood of
approaching the material's yield point. The research highlights the differences between the
loading and unloading process. Elastic contact is highly reversible, leading to minimal
deformation during unloading, while elastic-plastic contact is partially reversible, necessitating
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consideration of contact area and deformations. The study confirms that incompressible
lubricants with a volume ratio of 0.9 exhibit very good agreement with past research models up
to certain pressure levels. However, beyond these levels, deviations occur due to differences in
contact area behaviour. Adding lubricant reduces the contact area and deformation, enhancing
the separation of contacting surfaces. Lubricants, especially incompressible with a volume ratio
of 1, evenly distribute stress, reducing localized stress concentrations and the risk of material
failure. The study's limitations, including material simplifications, 2D modelling, idealized
lubricant conditions, and the focus on normal loading-unloading, suggest areas for future
research. Future studies should explore more complex material behaviours, 3D modelling, real-
world lubricant properties, and diverse loading conditions to improve the findings' accuracy and
applicability, especially in biomechanics.
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Figure 6: The contour of von Mises stress distribution in the loading process.
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