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Abstract

Today, total knee arthroplasty (TKA) implants represent one of the most highly demanded prosthetic devices in the biomechanical
and orthopedic surgical industries. Computational simulation models and algorithms for abrasive linear wear in total knee arthro-
plasty (TKA) are developed and presented for ultra-high-molecular-weight polyethylene (UHMWPE) components. This material
is widely used for TKA implants. The implemented mathematical framework is based on the classical Archard’s wear model, mod-
ified to account for linear abrasive wear specific to TKA applications. The algorithms corresponding to both integer and integral
formulations are described. For computational intelligence simulations, experimental data selected from the literature, including
both in vitro and in vivo studies, are incorporated within the programming environment. Three-dimensional image-processing and
computational simulation software are developed using graphical and interior optimization techniques. Linear wear results from
million-cycle (Mc) simulations, presented as numerical datasets and three-dimensional image-processing graphs, are demonstrated
and compared with data reported in the literature. Relevant biotribology, biomaterials, and biomedical applications related to total
knee arthroplasty (TKA), including clinical and manufacturing aspects, are briefly discussed.
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total knee arthroplasty; 3D simulations; graphical optimization; linear wear; mathematical model; 3D imaging-processing; ultra-
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|. Introduction and Objectives ical system essential for walking and other fundamental

movements of daily life. Complementary reasons include
The biomechanics of total knee arthroplasty (TKA) are  the aging and degeneration of cartilage and bone, and the
inherently complex due to several contributing factors. probability of injuries from forced movements. All of
Foremost among these is the knee’s primary function of  them are mutually synergistic and constitute an interre-
supporting total body weight as part of the third major jated biomechanical system [1—4]. In other words, pre-
biomechanical system of human anatomy [1,2]. The first mature degeneration of the knee joint cartilage can lead
system comprises the head and neck, the second includes o bone damage, resulting in joint instability and loss of
the thorax, abdomen, spine, and hip, and the third consists  palance, which in turn limits or impedes normal move-
of the knee, legs, and feet. The second reason is the biody-  ment dynamics. It should be noted that, histologically,
namics of walking and movement, which require balance cartilage cells lack regenerative capacity, unlike elastic
and support for the body’s center of gravity. The third, fibers in the skin; although stem cell-based approaches

and equally important, reason is that the articulations of  are under investigation, they are beyond the scope of
the knee, ankle, and feet constitute a critical biomechan-
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this study. That is, once growth and development are com-
plete, an individual possesses a fixed number of elastic
fibers in the skin and cartilage cells. The function of the
menisci, which biomechanically resembles that of the in-
tervertebral discs in terms of load damping, demonstrates
a natural design adapted to withstand high biodynamic
loads and enforced movements. What does the menisci
is to spread the loads created by femur condyle. Further-
more, the second biomechanical system, in particular the
hip articulation, can be damaged by forced/biased move-
ments and biomechanical abnormal load distributions at
the knee joint. This brief discussion provides a funda-
mental understanding of the complications that may arise
in surgical pathology and biomechanical disorders of the
knee joint.

On the other hand, knee injuries, joint traumatologi-
cal conditions, and concomitant rheumatological or infec-

SLIDING
DISTANCE

- TKA

USUALLY
SCREW-
SYSTEM
INSERTED
ALONG TIBIAL
METAPHISIS
LENGTH

FEMORAL
CONDYLE
(USUALLY
STEEL)

-

o

tious diseases create a high medical and industrial demand.
Consequently, the economic cost [1-8] is substantial for
public, private, and mixed healthcare systems in many
countries. Therefore, investigation of TKA prostheses for
reliability and high durability is among the current prior-
ities in the biomedical industry. Biomathematical stud-
ies using optimization modeling address the prediction of
wear and the durability of TKA prostheses. An additional
issue is the large number of model variants and the diver-
sity of testing laboratories. This implies the requirement
for standard methods, both experimental and theoretical-
modelling. In this study, the most commonly applied [SO-
related standards [1-11] are prioritized to meet the study
objectives. For the femoral component (Figure 1), cobalt-
chrome is predominantly used, with several variants avail-
able [3,11].

TIBIAL PLATEAU
TKA SURFACE
POLYETHYLENE

Figure |: The sketch is completed with the main parts of TKA. Inset, the most important anatomical parts are marked. Note that
the femur condyles are made of steel variants, and the tibial plateau is made of polyethylene. [Google free images, Dr. Albrecht,
knee and cartilage specialist, website, https://www.knieschmerzen-wien.at/albrechtchristian-en.html (accessed on 1 January 2017)],

modified and drawn by Francisco Casesnoves.

Previous studies have typically employed 2D finite
element analyses; however, the present study focuses pri-
marily on 3D graphical optimization. Those are made ex-
clusively in FE [3,11], or with/without in-vitro/in-vivo ca-
daveric comparisons [12—18]. Since in vivo studies usu-

ally present linear wear data in mm/year or mg/year (the
latter is generally for volume wear), and in vitro studies
are expressed in mm/Mc, it is necessary to approximate
the average Mc that a standard patient completes in a
year [16]. In this study, calculations were estimated at
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approximately 2 Mc per year [16]. The specifications of
Archard’s laws (fundamental, differential, and modified),
along with standard units, are often not provided with de-
tailed explanations or variants for most researchers [12—
18]. Additionally, the utility of the presented algorithms
for implementation in finite element or simpler simula-
tions should be clearly detailed to allow other researchers
to set up options efficiently. This article presents solu-
tions to these hurdles in the simplest terms. Additionally,
the 3D innovative Graphical Optimization charts that are
shown/developed constitute a complement to other litera-
ture graphics.

The mathematical equations and models used are
for Linear Abrasive Wear (in mm) without Creep and Lu-
brication Factors [3] at this stage. For Volume Wear (in
mm?), the Finite Elements Method is widely applied [1—
11]. Compared to the Finite Elements method, this direct
algorithm implementation in 2D-3D graphical optimiza-
tion offers some advantages. The first advantage is that
it is less labor-intensive and requires less time than finite
element analysis. The second is that implementing mul-
tiple algorithms simultaneously within a single program

is straightforward and allows for direct comparisons. In
brief, the rapid adaptability of the programming algorithm
provides a clear advantage over the finite element method,
both as a laboratory tool and as an initial approximation.
Moreover, this algorithmic technique can be implemented
alongside the finite element method or used to generate a
database for further finite element applications.

Therefore, the computational model incorporates in-
novations and improvements over previous models for
several reasons. First, it comprises the entire published
range of the linear wear constant, Kw [3], namely approx-
imately [2.20 x 1077, 107°]. In several figures, the val-
ues of Kw are multiplied by10~2 due to the software unit
settings for 3D images. Second, it plots in 2D-3D the
standard load range, the computational calculations (vec-
tors) for the load range, and the computational calcula-
tions (vectors) for the Ky, range. Third, the million cy-
cles (Mc) range is set computationally in multiple 2D-3D
graphics, in pattern with those loads and Kw ranges (Fig-
ure 2). Another advantage is the use of 3D surfaces to
identify optimal settings when preparing for finite element
analysis.

GNU-OCTAVE LINEAR WEAR 3-DEGREE POLYNOMIAL FIT, POLYETHYLENE SIMULATION IN mm WEAR DEPTH FOR [1-5] Mc
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Figure 2: For parameters of Tables 1 and 2, an example of a polynomial fit for wear prediction as a function of the variation range
of [Kw x 10—3] (continuous) and Mc [1,5] (integer). It is clear that the magnitude variation is related to the increase of [K, X
1073], and the Mc number. Note: the figure value range for Kw is usually multiplied by 10~3. Previously, in 2D image processing,
a 3-degree polynomial fit was developed for each million-cycle graph line type. This type of software is developed from the author’s
series of previous publications on hip prosthesis wear and other computational contributions.

Biomaterials Connect Francisco Casesnoves


https://scifiniti.com/
https://scifiniti.com/journals/biomaterials-connect

2025, Vol. 2, Article ID. 2025.0023

https://doi.org/10.69709/BIOMATC.2025.103331

PUBLISHING

<8> SCIFINITI

Table I: Selected Dataset used for simulations and optimization software. Disclaimer: Some variants were applied for trial programs
and images. Note: In the figures, the Ky, axis values are often multiplied by1l0—3. Figures 1-8 present extensive image-processing data.

Selected Dataset Used For Simulations

Interval or

Parameter and Units Magnitude Software References Comments
Implemented
Standard magnitude, usually
Load (N) [2000, 2300-2600] [1,11,19-21] agreed upon by most authors.
. . ISO Standard, it varies
Sliding Distance (mm) 60 [10] according to studies.
The constant Ky has different
values in the literature. An
Kw (mm®/(N X mm) [2.20 x 1077,107¢] [3,19-21] interval is implemented that
comprises most published
magnitudes.
Load Suzrface [400, 800] [19-21] This varies 31gnlﬁcantly across
(mm~) publications.
It is usually presented in most
Cycles Number [1,5] books and papers as a dataset
(in M (millions)) Image processing is shown for [1-11,13-34] from 1 M to 5 M. Most authors
notation standard: Mc [1,5] Mc present predictions and
calculations for 1-5 Mc.
Kw has a different magnitude
Implemented: according to authors [3], and
Kw (mm*/(N X mm)) x 1073 [2.20 x 1071°, 1077 [3] some researchers propose

According to (4)

values of Kw, for example
[19-21].

Poisson ratio, Elastic modulus,

Density for UHMWPE

Not implemented,
Exclusively illustrative
UHWMPE: Young’s modulus 463
MPa, Poisson’s ratio 0.46, density
960 kg/m® [19-21].

[19-21]

N/A for the algorithms that are
programmed.

Note: In the figures, the values/range of Kw are usually multiplied by 10—3 because all the units are set in mm in the software.

Table 2: Selected Dataset literature and Author sources for Table 1. It is very frequent to find different magnitude orders for Ky in
the literature. The current term for this constant is the wear coefficient. Recently, a dimensionless constant, referred to as the wear

factor, has been applied in new models.

Dataset Reference Sources Discussed

Parameter and Units Criteria

Linear-Wear Details and References for Software
Implemented

Justification

Load (N)

[1,11,19-21]

Loads depend on the ISO experimental system used in
many cases. Therefore, magnitudes are not standard.
The most common interval reported in the literature is
[2000, 2300-2600]. However, some Authors [21]
apply loads of 3000 N, which is considered too high.
In the same way [10], the magnitude of 1200 N is
too low.

Standard magnitude, usually
agreed upon by most authors.
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Table 2: Cont.

Dataset Reference Sources Discussed

Parameter and Units Criteria

Linear-Wear Details and References for Software
Implemented

Justification

Sliding Distance (mm)

[10]
Sliding distance varies in the literature. The most
frequent magnitude was selected. Moreover, the
dataset choice comprised exclusively values referring
to ISO standards. The interval in [10] is
approximately [38.7, 83.7] mm.

ISO Standard, it varies. It is
necessary to select the most
frequent interval.

Kw (mm®/(N X mm)

[3,21-23]

It is very frequent to find different magnitude orders
for Kw in the literature. This constant is currently
referred to as the wear factor, corresponding to
Archard model first generation models. Recently, a
dimensionless constant called the wear coefficient has
been applied in new second generation
cross-shear models.

The [3] range is applied for
software.

Load Surface
(mm?)

[19-21]
The magnitude value intervals comprise the most
frequent in the literature.

[1] shows standard coronal size
and loads.

Cycles Number
(in M (millions))
notation standard: Mc

[1-11,13-34]
In the literature, results using Mc are usually shown
for 1 to 5. Ms is the most common form for
presenting linear and volumetric wear.

Usually, a dataset from 1 Mc to
5 Mc is presented. In Figure 7, a
1-6 Mc composition is shown
with numerical results.

Implemented:
Kw (mm®/(N X mm)) x 1073
According to [3]

(3]

Both the wear factor (dimensional) and the recent
wear coefficient (adimensional) for new models show
differences in the literature. Reference [3] presents
extensive data showing a variation of one order

Table 1 interval is considered a

sufficiently confident interval that

comprises almost all authors’
publications.

of magnitude.

In summary, following the introduction of these fun-
damental concepts, the study focuses on computational
intelligence-based optimization of biomechanical models
and presents practical numerical and image processing re-
sults, primarily for ultra-high molecular weight polyethy-
lene (UHMWPE).

I.1. The Biomechanical Concepts of
Knee Articulation

Figure 1 illustrates the basic knee biomechanical system
following TKA implantation, including its components
and movement concepts. In normal life, the knee artic-
ulation supports biomechanical stress, loads, flexions, ex-
tensions, torsions, rotations, and more complicated move-
ments. Furthermore, the knee is not solely composed
of the joint itself; the cruciate ligaments, as well as the
medial, lateral, and other surrounding ligaments, form a
highly complex articulated biosystem. This contributes
to the relatively high incidence and prevalence of knee

biomechanical pathologies. Sports activities increase the
risk of injury, and in that field, the knee articulation sup-
ports loads and extreme movements continuously [1,2,5,
6,10]. The sports medicine specialization for the knee is a
branch with deep knowledge and applications.

1.2. Biomechanical Knee Implants

The TKA medical industry is extensive and provides a
wide range of alternatives. The most common TKA pros-
theses resemble the femur’s natural condyles, that is, they
are bicompartmental. However, noncompartmental TKA
prostheses have also been developed. For standard TKA,
the number of variants related to biomaterials, biome-
chanical design, and force distribution is considerable.
This makes the laboratory testing analysis complicated,
both in vitro and in vivo. Furthermore, wear, creep, lu-
brication, and other biomechanical parameters vary sub-
stantially in the literature due to differences in methods,
techniques, and laboratory apparatus, with numerous ISO
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variants also reported. Overall, the study of TKA re-
mains a challenging biomechanical and biopathological
field [1,2,5,6,10,11].

|.3. Objectives of Study

The study objectives are categorized as primary and sec-
ondary. The primary objective is to develop computa-
tional intelligence software that is efficacious and useful
for accurate simulations. This is intended to present prac-
tical data for TKA research. The second main objective
is to demonstrate how 2D-3D simulations and TKA op-
timization can be useful in achieving the previous objec-
tive. In addition, applications, algorithmic developments,
and mathematical proofs are shown. At this stage, Creep
and Lubrication Factors for the models were not set [3]
(Equations (1) and (2)).

In brief, the article presents Computational Intelli-
gence simulations and 2D-3D Graphical Optimization for
PE TKA abrasive. The results are consistent in order
of magnitude with standard laboratory measurements and
published literature. New software for mathematical mod-
eling was developed, and its biomechanical and biotribol-
ogy applications are summarized.

2. Materials and Methods

Primary approximations are to consider the TKA wear
exclusively, and exclude Creep and Lubrication Factors
(Equations (1) and (2)). Therefore, the calculations in
this study provide a linear wear optimization approach to
predict the durability of TKA implants using fundamental
physical formulations [3,11]. Various models are applied
in the literature (e.g., [22]); however, Archard’s model,
with several variants, remains the most widely used [3,11].
Basic measurements taken into account in this study for
in vitro and in vivo studies, including the contact area, cor-
respond to [12—18]. Typical TKA wear values, most of-
ten obtained using the finite element method, are reported
in [18-34]. Archard’s volume wear model (e.g., [23]) is
not considered in the present study.

2.1. The basic Model Algorithm(s)

The basic algorithm-model from [3,11], as applied and an-
alyzed, reads as follows:

The Archard’s Model applied on TK A,
N n
Lyear = Kyear Z |:Z DPi Atz:| 5

j=1Li=1 j

M

—
Ui

where,

Lyear: Linear abrasive wear (mm).

Kyear: Wear constant, standard (mm?/N mm). Note:
In the figures, the K, values are typically multiplied by
1073,

pi: Pressure (N/mm?).

v;. Sliding discrete Velocity for a discrete time incre-
ment (mm/s).

At;. Discrete time interval (s).

i, j: Summatory indexes. The [i] is for velocity vari-
ation within a cycle (n). The [j] is for cycles number (N).

2.1.1. The Creep and Friction Factors

2.1.1.1. Creep

Although those factors are not applied in the study, de-
scriptions with details of the Creep and Lubrication for-
mulas are conveniently shown. For Creep [3], the model-
equation format (Lee and Pienkowski, 1998) reads,

The Archard’s Model complemented with Creep,
applied on TKA,

Ltotal wear — Llinea'r wear T LCTEEZﬂ (2)
Hence,
Liotat wear = Liinear wear [Kl + KQ(IOgt - 4)]

Pa'ue’r'age h7

where,

K;: Model Constant [3]. The values for K; and K,
are respectively, 3.491 x 1073 and 7.961 x 1074,

K;: Model Constant [3]. The values for K; and K,
are respectively, 3.491 x 1072 and 7.961 x 1074

t: Time of load (minutes).

Paverage: (N/ mmZ)

h: Polyethylene thickness (mm)

2.1.1.2. Friction

One common Friction Factor, set within the general for-
mula is: [1+ 3 u?]” [19-21], with values for UHWMPE
of around [10~2] magnitude order. This Friction factor
multiplies the general Formula (1) linearly. At this stage,
it is not applied in the study. Friction was not set at this
stage because the friction value in this case is approxi-
mately:

(1+3 % 0.072) %% =1.0073, [a dimensional] ~ (2.1)

That is, an order of magnitude of 10~3. This implies
that differences in magnitude, when applied within the
algorithms, do not affect the order of significance. This
level of precision is useful for further refinements.
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2.1.2. The Integral Algorithm

When experimental data or a database is available, it is conve-
nient to formulate the algorithm as an integral equation of the
first kind. Accordingly, by taking appropriate limiting proce-
dures, the problem can be expressed in integral form,

The Archard’s Model applied on TKA, integral form,

N M
Lwea'r = wear Z [fgl P )?’ dt] N

j=li=1 J

3)

where,

Lyear: Linear abrasive wear (mm).

Kywear: Wear constant, for programs (mm3/N mm).
Note: at figures values range of K, are usually multiplied
by 1073 because of this change of units (generally Ko
is formulated (mm?/N x m).

p(t): Instantaneous pressure (N/mm?). Function of time.

v(t): Instantaneous sliding velocity for integral.
Function of time (mm/s).

dt: Differential of time during i-interval (s).

i; Summatory index for time at every integral for a
cycle (M).

J; Summatory index for total cycles (N).

Proof
The Archard s Model applied on TKA, integral form

proof,
For one cycle,

L1 = KupS;
where S is sliding distance, hence
L1 = Kypot,;
therefore, provided v constant and taking derivatives for

time variable,
del

dt

= Byupv;oor,

dL. = Kypvdt, integrating,

t
/ Lyt —
0

K, f; puv dt, supposing instantaneous pressure and slid-
ing velocity during one cycle,
Therefore, taking N cycles, and integrating,

N M t
Lwear - Kwear Z Z |:/ Di |Fz>| dt:| )
j=14i=1 /0 J

[Casesnoves Bioengineering Laboratory Algorithm 3114

2.2. Computational Intelligence Dataset
Software

The dataset selected from the literature spans a wide
range of parameters, as the commercial materials, TKA
sizes, and algorithmic constants employed vary across au-
thors, laboratories, testing apparatuses, testing tempera-
tures, and other experimental conditions. Therefore, the
practical objective of the simulations-optimizations is to
provide with large scale range that can be used to predict
durability for all of those variants. The software is based
on previous contributions by the authors in the develop-
ment of hip wear programming and design [35,36]. A
comprehensive biotribology database is available at [37—
39].

2.2.1. Benchmark Polyethylene Model

Variations in TKA size have been reported across labo-
ratory studies in the literature. However, the size used
for simulation software implementation was the most stan-
dard one [1]. Specifically, a total coronal dimension of
78.2 x 44.2 mm was used, based on which the contact
surface area was approximated and calculated. That size
is according to ISO standards, and it is worth noting that
there are ISO variants.

2.2.2. Sliding Distance (SD)

The sliding distance recommended by ISO is approxi-
mately 80 mm [10]. However, a value of 60 mm was
adopted to account for differences in prosthesis sizes [12].

2.2.3. Load Magnitude

This is a magnitude convergence point for most of the stud-
ies. This is the magnitude most commonly assumed in the
majority of investigations [19-21]. For example [2] (page
63), Tables 1 and 2 provide an overview of the changes in
loads and gait patterns from normal walking to descend-
ing stairs or ramps. Figures 1-8 present comprehensive
image-processing data. Based on this table and assum-
ing an average patient weight of 75 kg, the range of loads
corresponding to walking, stair descent, and stair ascent,
among other activities, can be derived. Usually, then, it
is [2000, 2600] N interval. Most simulation programs
adopt a maximum load of 2300-2600 N. While some au-
thors [19] use a maximum load of 3000 N, this value is
not considered in the current study.
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Figure 3: Basic programming flow chart. The most important of those programs are the arrays and their implementation within the
algorithm. If the dataset vectors are not conveniently rearranged and set at the 3D imaging processing subroutines, the resulting
image may not be acceptable. Note: in figures, the axis range is often multiplied by 10=3. This type of software is developed from
the author’s series of previous publications in hip prostheses wear and other computational contributions [35,36,40-62].
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Figure 4: First trial, tentative quadruple-simulation with GNU-Octave and two different 3D imaging processing subroutines. The
intention is to check the different image qualities and the correct running of the programs. The basic model is shown, simulated
in wear mm depth (when the surface contact is implemented), image 1, and the basic model is simulated in wear mm?3 volume,
images 1-4. Since this is a tentative demonstration of the computational method, the magnitude-parameter model is not very exact.
MATLAB programs are equivalent. [Casesnoves Bioengineering Laboratory Software 2025-k-1]. The loads are varied over intervals,
and the K constant interval is approximately [1078, 10~7]. Note: In the figures, although not explicitly indicated, the values along

the K axis are often scaled by10~3.

2.2.4. Standard Unit System

The linear wear of standard TKA, as predicted by Ar-
chard’s model, is typically expressed in the literature ei-
ther as the volume of material removed (mm?) or as the
erosion depth (mm) along the contact surface. When
investigations are conducted in vivo or utilize cadaveric
specimens, linear wear is commonly expressed in units
of mm/year. Evaluating or determining the optimal unit
system is not an objective of the present study. Instead,
the image-processing and numerical data are expressed in
millimeters of depth, allowing users to compare datasets
appropriately [3,11]. The numerical comparative approx-
imations constitute an important part of this study for the
numerical dataset in mm/year. This is done by taking into
account the average Mc for a year [16], which is about 2
Mc/year. The dimensional equations governing linear and
volumetric abrasive wear are presented in (4).

2.2.5. Standard Abrasive Wear K,, Magnitude

Given the profusion of laboratory apparatus, measuring
systems, and hybrid studies in the literature, there is no

total agreement on the Ky, magnitude [3]. Introduction:
Figure 1 shows a 2D polynomial fit in GNU-Octave for
imaging processing that describes the variation as a func-
tion of Kw and Million Cycles [13-23] integer interval.
Note: the figure value range for Ky, is usually multiplied
by 1073,

Standard literature units for Archard’s
model dimension equations,

For example,

Erosion in mm depth,

Ly (mm depth) = K, (Lms)

N mm
Pressure (—2-3) Sliding Distance (mm); @
as a result, L., is in mm,

Erosion in mm?® eroded material volume,
3 _ mm3
Vi (mm? volume) = Ky (Fm—)

Pressure Force (N) Sliding Distance (mm);

as a result, Vi, is in mm?;

The first method, which is the primary approach ap-
plied in this study, is abrasive linear wear.
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2.3. Computational Intelligence tems used were MATLAB® 2023 and GNU Octave®
Software 7.1.0. For programming Equations (1) and (2), the diffi-

culty was the matrix congruence and the loops for arrays.
The software was developed primarily based on our previ-

ous experience with hip wear models [35,36]. The sys-

POLYETHYLENE TENTATIVE SIMULATION IN mm WEAR DEPTH FOR 1Mc

0.2

e
.
3

Level magnitude order jump (10-2 to 10

EROSION IN mm WEAR DEPTH
S o
51 =

2600

2400 6e-10

2300 CONSTANT K INTERVAL

LOAD INTERVAL (N) 8e-10

2000 1.2e-09

Figure 5: Continuing the software improvements, the second trial tentative simulation with GNU-Octave. The basic model is shown,
simulated in wear mm Linear Depth (when the surface contact is implemented [1-8]). In this tentative trial, it was clear that the
order of magnitude jumped around a 2300 N load from 10=2 to 10~ 1. It is set at 1 Mc. Since this is a tentative demonstration
of the computational method, magnitude-parameter models are not too definite, but they approach the experimental laboratory
literature [1-8]. MATLAB programs are equivalent, and, in general, MATLAB 2D-3D image quality is superior to GNU-Octave
[Casesnoves Bioengineering Laboratory Software 2025-k-2]. Note: in figures, the axis range is often multiplied by 10~3.
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Figure 6: Multiple simulations, two different 3D imaging processing subroutines, with GNU-Octave for (2-5) Mc. The basic model
is shown and simulated for mm depth wear (when surface contact is implemented [1-8]). It shows the different wear magnitudes as
Mc increases. The computational method and magnitude parameters belong to Table 1. GNU-Octave image processing is acceptable.
This figure software is also developed in MATLAB, Figure 2. [Casesnoves Bioengineering Laboratory Software 2025-k-3]. Note: in
figures, the axis range is often multiplied by 10~3. This type of software is developed from the author’s series of previous publications
on hip prosthesis wear and other computational contributions.

PE WEAR mm 2 Mc PE WEAR mm 3 Mc

2000

2200

LOAD (N)

2400
2600

2600

4 2 2000
K LOAD (N)

PE WEAR mm 4 Mc PE WEAR mm 5 Mc

2600

2400

2200

000 2100 2200 2300 2400 2500 2600
LOAD (N) K LOAD (N)

2000

Figure 7: Multiple simulations with MATLAB, (2-5 Mc). The basic model is shown, simulated in wear mm Depth (when the surface
area is implemented [1-8]). It shows the different wear magnitudes when Mc is increasing. The computational method and magnitude
parameters are listed in Tables 1 and 2. Note the K constant magnitude orders. MATLAB image processing is better than GNU
Octave in this case. [Casesnoves Bioengineering Laboratory Software 2025-k-4].
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PE WEAR mm 2 Mc

Y 2.2e-10
Z0.0229565

Y 2.2e-10
70.045913

2200

22000
LOAD (N)

Figure 8: From Figure 2, a number of dataset values are implemented at the image.

PE WEAR mm 3 Mc
R

WEAR mm

2600

2 2000
LOAD (N)

PE WEAR mm 5 Mc

Y 2.2e-10
70.0573913 2600

2400

2200
LOAD (N)

22000

That is, a number of graphical data for

multiple simulations with MATLAB, (2-5 Mc). The basic model is shown, simulated in wear mm, Depth (when the surface area is
implemented). It shows the different wear magnitudes when Mc is increasing. The computational method, magnitude parameters
belong to Table 1. MATLAB image processing is better than GNU Octave in this case. [Casesnoves Bioengineering Laboratory

Software 2025-k-5].

3. Results and Discussion

Results are divided into Graphical and Numerical. In this
primary stage, the numerical ones were determined by
MATLAB graphical methods. The resolution of the 3D

Table 3: Main numerical results in the study. Magnitudes match

graphical optimization is acceptable, and the numerical re-
sults show approximate agreement with the standard liter-
ature [13—18]. Detailed numerical results are presented in
Table 3, with comparative data summarized in Table 4.

standard literature [13-18].

Numerical Results

Results Minima

Results Maxima

Me Wear  Kw (mm*/(N x mm) Load Wear Ky (mm®*/(N Load
(mm) < 10-3 (Min Average) (mm) « mm) (Max Average)

™) ™)
1 Mc 0.01 22 x 10710 2000 0.16 107° 2600
2 Mc 0.02 22 x 10710 2000 0.31 10~° 2600
3 Mc 0.03 22 % 10710 2000 0.46 10~° 2600
4 Mc 0.05 22 x 10710 2000 0.62 10~° 2600
5 Mc 0.06 22 %1071 2000 0.78 10~° 2600

Comments Almost linear wear magnitudes. Intermediate values Less linear. Intermediate values at figures.

at figures.
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Table 4: The main numerical results in the study. The wear magnitudes and rates differ in the literature and laboratories for two
main reasons: (1) the large variety of testing apparatus and methods, including ISO variants, and (2) the large variety of ways to
communicate/measure results. Namely, wear per Mc (mm), wear per year (mm), wear per Mc (mg), wear per year (mg), and others.
In in vivo studies, wear is usually expressed in mm/year because the data are usually obtained from patients or recent cadaveric
samples whose medical histories indicate the date of arthroplasty. What is common across the literature is that the polyethylene
density is approximately equal to that of water. Magnitude orders match those in the standard literature [3,11,13-18]. An additional
complementary dataset can be found at [19-34]. The FE method is generally for comparisons/validations with in vivo measurements.
Computational optimization and general biotribology concepts are discussed in [35-38].

Comparative Numerical Results

Results Approximated
for All Comparisons Calculations, When In Vivo, It Is Taken from [16], an Average of 2 Mc by Year
(Studies Differ Also)
1 2 3 4
13, [14, Teeter, m, and Alt, [15, Gascoyne and Alt, Wear [17, Ozer,
Hoshino Wear + Creep, 2019] + Creep, 2019] Wear + Creep,
and Alt, [In Vivo, 49 Patients] [In Vivo, 106 Patients]| 2022]
Author’s
Stud Wear + This Author Shows the This Author Shows 0.015 [In Vivo-In-
Me Lineayr Creep, Dataset for Maximum mm/Year (Supine), and Vitro, FE
[Approx] Wear 2002] Wear, Lateral (Lat), 0.220 mm/Year (Standing). Compared to 1
(mm) [In Vivo, 69 and Medial (Med). It The Proportional Average Cadaveric
Patients, Is Shown [Ref], Lat = Set by the Author of This Sample, Flex +
Geometrical [0.034,0.069]/Year, and  Study Is Calculated Here as: AP,
Extrapola-  Med + [0.04,0.069]. All (4 x Standing + Supine)/5 = Geometrical
tion] Angles. 0.1790. Approx = 0.18/Year.  Extrapolation]
LAT [0.02, 0.03]
1 Mec [0.01,0.16] [0.001,0.01] MED [0.02.0.03] [0.09] [0.03]
LAT [0.03,0.07]
2 Mc [0.02,0.31] [0.01,0.20] MED [0.04.0.07] [0.18] [0.08]
LAT [0.07,0.09]
3 Mc [0.03,0.46] [0.50,1.00] MED [0.06,0.09] [0.27] [0.09]
LAT [0.08,0.12]
4 Mc [0.05,0.62] [1.00,1.10] MED [0.08.0.12] [0.36] [0.10]
LAT [0.10,0.15]
5 Mc [0.06,0.78] [1.10,1.20] MED [0.10,0.15] [0.45] [0.13]
Almost linear wear magnitudes when the Mc number is low, proportional to the Mc number. Differences tend
Comments . . . .
to become nonlinear as a function of Mc when the Mc magnitude increases.
The wear magnitudes and rates differ in literature and laboratories for two main reasons: (1) The large variety
Important of testing apparatus and methods, (2) the large variety to communicate/measureresults. Namely, Wear Per Mc
Diszlaimer (mm), Wear Per Year (mm), Wear Per Mc (mg), Wear Per Year (mg), and others. When the study is in vivo,

Wear is usually expressed in mm/year. What is common is the polyethylene density approximately equal to
water.

3.1. 3D Graphical Optimization Results the software functionality and numerical consistency of

the 3D graphs are verified, the final 3D graphical opti-
The linear wear graphical optimization method presented  mjzation image-processing charts are generated using ac-
here builds upon our earlier publications on volumetric  cyrate parameters and intervals. Note: in the figures, the
wear in hip arthroplasty [35,36]. It essentially consists of  values along the Kw axis are often multiplied by 10—3
finding the global/local minima by using the 3D imaging  pecause of the units. Figures 4-9 show all the Graphical
surfaces of the algorithm’s objective function, plus two se-  Optimization results for the dataset. Figures 10—13 show
lected parameters. The method is applied to wear formu-  extensive image processing of the results. The main refer-
las (1) and (2) to identify optimal minima or target values  ences suggested for the reader to gain knowledge of com-
under particular constraints across the 3D surface. Illus-  putational intelligence software are useful [35,36,40—62].

trative Example 1 demonstrates the initiation of this pro-  precise programming charts can be found in the cited ref-
cedure. Initially, tentative programs are developed. Once
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erences. For further study, references [55—60] offer addi-

tional insights into polymer materials, biomechanics, and
tribology and are recommended to the reader.

3D SIMULATION knee implant linear abrasion erosion model 1 Mc

2
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Figure 9: MATLAB graphical simulation with a different, simpler program for 1 Mc. The basic model is shown, simulated in wear mm
Depth. It shows the different wear magnitudes when the loads are increasing. The computational method and magnitude parameters
[Casesnoves Bioengineering

are listed in Tables 1 and 2.
Laboratory Software 2025-k-6].

PE WEAR mm 1Mc

Y 1e-09
Z0.0521739

X 2000
Y 2.2e-10
20.0114783

MATLAB image-processing is better than GNU-Octave in this case.

PE WEAR mm 3 Mc

X 2000 ‘
Y 2.525¢-10
20.03939

L 700344348

x10710

2400
2600

2500

2400

2300

x10710 . 2200
2000 0 2200
K K 2000 2100
LOAD (N) T
PE WEAR mm 4 Mc
PE WEAR mm 5 Mc

2200 4
2

22000

2600
2400

2200

LOAD (N) K e LOAD ()

Figure 10: To catch up on the differences among 1 Mc and 3,4,5 Mc, a number of graphical data are shown for multiple simulations

with MATLAB (dataset of 1 Mc included). Image-processing displays the different wear magnitudes when Mc is increasing. The
computational method, magnitude parameters belong to Table 1. MATLAB image-processing is better than GNU-Octave in this case.

[Casesnoves Bioengineering Laboratory Software 2025-k-7].
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3D SIMULATION knee implant linear abrasion erosion model 1 Mc

LINEAR EROSION mm

2 2100
Constant K 2000

2600

2200 2300

LOAD FROM 1500N TO 2900N

Figure 11: A different perspective for software imaging-processing. Matlab graphical simulation with a different, simpler program

for 1 Mc. The basic model is shown, simulated in wear mm Depth.

It shows the different wear magnitudes when the loads are

increasing. The computational method and magnitude parameters are listed in Tables 1 and 2. Matlab image-processing is better
than GNU-Octave in this case. [Casesnoves Bioengineering Laboratory Software 2025-k-8].

3.2. Numerical Results

Table 3 presents the numerical results for linear wear ex-
tracted from the graphical optimization. In Table 4, the
figures and corresponding magnitudes are compared with
values reported in the standard literature [13—18]. For or-
thopedics, wear implants, and general software, it is rec-
ommended to consult [35,36,40-62]. Figures 4-9 show
all the Graphical Optimization results for the dataset. The
references [57—62] are intended as complementary further
reading on polymer materials, biomechanics, and tribol-
ogy and are recommended for the reader.

3.3. Comparison of Numerical Results

Table 4 presents some numerical comparisons with other
literature studies. Some of them are carried out with the
FE Method, and others with the FE Method and contrasted
with cadaveric data. The most important objective conse-
quence is that from [2,3] Mc on, the Linear Erosion shows
a magnitude order jump from 10~2 to 10~! mm. The com-
parisons are shown for the database from [13—17]. How-
ever, a more extensive database is available at [18-34].

3.4. Biomaterials and Biomechanics TKA
Applications Briefing

Table 5 shows a concise concept of study applications.
The most important aspect is the prediction of erosion
rates, which provides approximations for implant durabil-
ity [37-57,63—81]. Several additional applications can be
inferred from Table 5.

4. Conclusions

The objective of this research is to simulate polyethylene
(PE) wear in total knee arthroplasty (TKA) using a pri-
mary approximation, without incorporating creep models.
The models applied are initially focused on linear wear
depth. Graphical optimization of these models, along
with the numerical results and comparisons with literature
datasets, is presented in Tables | and 2. Preliminary pro-
cedures for developing the simulation software and a brief
application overview were included. At this stage, lubri-
cation factors for the models were not applied. The com-
putational results, along with comparative analyses, are
presented in Tables 3 and 4.

As a result, the computational model shows differ-
ences/advances, especially in the programming design,
from previous publications. Due to the large variety of
testing methods and laboratory apparatus, K, published
values vary in one magnitude order. One magnitude order
for wear magnitude predictions is significant/important.
Therefore, it comprises all published range of the linear
wear constant, K,,, namely [2.20 x 1077, 107°] imple-
mented in arrays. Second, it plots the full range of stan-
dard loads in 2D and 3D, combined with computational
calculations (vectors) for the Kw range. The literature re-
search also shows a range of loads. For linear wear pre-
dictions, the million-cycle range is computationally repre-
sented using multiple 2D and 3D graphics, combined with
the corresponding load and K, ranges. The most signifi-
cant finding is that from 2-3 Mc on, Linear wear (mm)
increases from 10—2 magnitude order to 10—1 order.
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NUMERICAL RESULTS
Mc RESULTS MINIMA RESULTS MAXIMA
WEAR | Kw (mm?®/(N X mm) | LOAD WEAR Kw LOAD
x10°
(mm) (N) (mm) (mm? I (N x nm) (N)
1Mc 0.01 2.2x10™ 2000 0.16 10° 2600
2 Mc 0.02 2.2x10% 2000 0.31 NN 2600
3 Mc 0.03 2.2x10% 2000 0.46 10° 2600
4 Mc 0.05 2.2x10% 2000 0.62 10 2600
5Mc 0.06 2.2x10% 2000 0.78 10° 2600
COMMENTS | Almost linear the wear magnitudes. Intermediate Less linear. Interm:diate valies at Figures.
values at Figures.

Figure 12: Results 3D imaging processing composition for 1-6 Mc.
differences among maxima and minima from 1 Mc to 6 Mc. The basic model is shown, simulated in wear mm Depth.

GNU-Octave graphical simulation 1-6 Mc. Note the growing
It shows

the different wear magnitudes when the loads are increasing. The computational method and magnitude parameters are listed in
Tables 1 and 2. MATLAB image-processing is better than GNU-Octave in this case. [Casesnoves Bioengineering Laboratory Software

2025-k-9].
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Figure 13: Setting the display of the dataset for Figures 9 and 11. MATLAB graphical simulation with a different, simpler program for 1
Mc. Note the differences among maxima and minima, and one random interior value. The basic model is shown, simulated in wear mm
Depth. It shows the different wear magnitudes when the loads are increasing. The computational method and magnitude parameters
are listed in Tables 1 and 2. MATLAB image-processing is better than GNU-Octave in this case. [Casesnoves Bioengineering
Laboratory Software 2025-k-10].

Table 5: Biomechanical and Biotribological applications briefing. Some of them are similar to previous studies in hip joint wear

[35,36].
Applications Briefing
TKA Wear Predictions and efficacious calculations at 3D image-processing
Principal Utility in Computational graphs, especially with MATLAB, to know the exact magnitude for any selected
Bioengineering Kw and Load (x, y, coordinates), the approximate abrasive wear magnitude for

1-5 Mc.

For the design/manufacturing of TKA prostheses. This is the most important
utility. TKA erosion prediction, especially for polyethylene materials, is essential.
Prediction saves manufacturing-research time, reduces the need to repeat
laboratory work, and saves budget.

Wear and Biotribology Predictions

TKA Durability Prediction To provide patients with a quality of life. To avoid re-operations and substitution

for new prostheses.

Industrial Manufacturing Optimization of the manufacturing process and improvement of quality.

I+ D Research The .TKA p‘rostheses are .contmually evolving. For the future design of new types.
Similar/variants of materials I + D.

. . . Very important for the normal movement of the patient. Walking and essential
Patient Life Quality movements are easy and comfortable for the patient during the entire duration.
Sport Medicine Thisisa very 1@portant gpphcatlon because sports medicine requires these

prostheses in higher quality than common patients.
5. Future Developments dard dataset published. For 1 Mc, abrasive linear wear

is of the magnitude order around [10~2, 10~']. The im-
age processing quality in GNU-Octave and MATLAB is

The graphs obtained are acceptable, and the abrasive lin- acceptable. An effort was made to approximate the most
ear wear numerical results match approximately the stan-
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commonly reported numerical and graphical results, given
the wide variability in mathematical models, methods, and
ISO standards for predicting abrasive wear in TKA im-
plants, as summarized in Tables 3 and 4.

As commented in Section 2.1.1, the friction coeffi-
cient was not implemented, as it does not produce any sig-
nificant variation in the magnitude of the results. How-
ever, future studies will focus on numerical optimization
refinements. The finite Element method is widely used
theoretically for simulations and has been compared with
in vitro studies. In general, the design and prediction of
TKA implants are carried out with in vivo and/or in vitro
data. In some cases, research is conducted using both
methods, yielding comparative or cadaveric results.

In summary, a series of graphical simulations and
optimizations for abrasive polyethylene (PE) TKA im-
plants is presented. The results are consistent with liter-
ature values and established standards. Applications in
biotribology and mathematical optimization simulations
are presented in Tables 3 and 4 and Figure 7.

List of Abbreviations

FE Finite Elements Method

Kwear Linear and Volume Wear Constant
Lyear Linear Abrasive Wear

Mc Million Cycles

PE Polyethylene

TKA Total Knee Arthroplasty

UHMWPE  Ultra-high Molecular Weight Polyethylene
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