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Abstract: Patient-tailored hip implants are a major area of development in orthopedic
surgery. Thanks to the recent developments in titanium printing, the medical industry
now places special demands on implants. The lattice design enhances osseointegration
and brings the stiffness of the implant closer to that of the bone, so this is an important
direction in the development of hip implant design processes. In our previous research,
several lattice structures were compared from a strength perspective, considering surgical
specifications regarding cell size. The so-called 3D lattice infill type built into ANSYS
with a predefined size has proven to be suitable for medical practice and can be easily
manufactured with additive manufacturing techniques. A major step in the implant design
process is numerical strength analysis, which elucidates implant material response. Due
to the complex geometry of the lattice structure, finite element calculations are extremely
time-consuming and require high computation capacity; therefore, the focus of our current
research was to develop a surrogate numerical model that provides sufficiently fast and
accurate information about the behavior of the designed structure. The developed surrogate
model reduces the simulation time by more than one hundred times, and the accuracy of
the calculation is more than satisfactory for engineering practice. The deviation from the
original model is, on average, below 5%, taking deformation into account. This makes the
design phase much more manageable and competitive.

Keywords: lattice structures; finite element analysis; hip implant; surrogate model

1. Introduction
Metallic biomaterials have proven their importance in the biomedical field, where

they have been used in orthopedic implants like hip implants. They have helped increase
the longevity of traditional hip implants since they strengthen the fixation of the implant
into the human bone [1]. The necessary properties for these biomaterials comprise ease of
manufacturing, mechanical and chemical stability, and biocompatibility. Researchers have
found many candidates for these biomaterials, such as titanium–aluminum–vanadium
alloy Ti6Al4V, cobalt–chromium alloy CoCr, and stainless steel, due to their suitable
properties like corrosion resistance and superior strength, especially when applied to
hip implant stems [2,3].

With the help of additive manufacturing (AM) methods, the use of latticed metallic
biomaterials has increased over the past few years. Two 3D-printing methods that are
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famous for their use in the fabrication of metallic biomaterials are selective laser melting
(SLM) and direct metal laser sintering (DMLS). These methods have given the freedom to
manufacture any complex latticed design since they can easily 3D-print them with good
precision once the 3D CAD model is created [4–6]. DMLS was used in [7] to 3D-print
various types of lattice structures to help assess the elastic module by using an axial
compression strength test.

The main reason for applying lattice structures is to reduce implant stiffness and
get as close as possible to human bone stiffness, which helps avoid the stress shielding
phenomenon that happens when most of the load exerted on the human body goes to the
stronger joint, the implant in this case, causing the bone around the implant to degrade over
time due to decreasing usage [8–11]. On the other hand, lattice structures provide another
important feature by making the implant’s structure porous, which creates a bone-like
structure, allowing the increment in the ingrowth of the bone into the implant body, thus
supporting the implant fixation [12–14]. Fabio et al. [15] provided a comprehensive review
of the mechanical requirements needed for the osseointegration process.

The finite element method FEM has been used as a method of verification to build a
valid preconception about implant design and preliminarily measure mechanical properties
in pursuit of saving the time and cost of having to manufacture a certain design and
then test it to find out how suitable it will be. Nikolaos et al. [16] used FEM to apply
topology optimization using bioinspired lattice structures to a hip implant. The study
optimized the weight and shape of the implant without compromising the mechanical
properties needed in an implant. Pedro et al. [17] utilized FEM as a validation method
to analyze the compressive behavior of various lattice structures. The research helped
evaluate the mechanical properties of unit cells and their effects on medical implants.
Zatul et al. [18] performed simulation on Gyroid and Voronoi lattice structures to reduce
a hip implant’s weight and increase the porosity. The study successfully achieved a
topologically optimized design while preserving the necessary mechanical properties.
Wenjiong et al. [19] demonstrated the effectiveness of a new method for optimizing lattice
structures and enhancing mechanical properties. The study used FEM and experimental
testing to validate the improvement.

All the above-mentioned studies utilized FEM simulation software in their research
to validate, optimize, and predict the mechanical properties of a certain design for an
implant. Yet, since the main goal of the research was to give a valid preview of how
the resulting implant design would be in terms of its reactions against real-life loads, a
simulation process that was not time-consuming was needed. Wahyudin et al. [20] used
ANSYS software to simulate and estimate the stiffness and natural frequency of various
lattice structures. The research executed a convergence test to set the best mesh size that
could generate the best quality of calculations, yet this increased the time and cost required
for calculation. Cantoboni et al. [21] carried out modeling and FE simulations to obtain an
overview of unit cells while reducing the time and experimental tests needed to validate the
same outcome. Other researchers tried using COMSOL Multiphysics simulation programs
for finite element analysis to validate numerical models [22].

Recent studies have shown that the more accurate FEM results are, the greater the
computational effort will be. As a result, surrogate model use is increasing as an approach
to overcome this problem. Johannes et al. [23] compared mesh-free surrogate models
with the help of machine learning (ML) and deep learning (DL) to see how to find a
suitable surrogate model for a specific case. Pana et al. [24] showed that FE simulations
are applicable in all cases of lattices, yet they might be time-consuming when working
with complicated geometry. Consequently, the study presented a surrogate model to
address such problems. Many researchers followed suit in building surrogate models to
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either help with lattice structure design [25], predict mechanical properties using artificial
neural networks (ANNs) [26], or predict the performance of lattice structures with transfer
learning TL [27].

However, developing a computational model using machine learning or deep learning
techniques brings extra time and costs due to all the data gathering, processing, and model
development. Thus, the question arises as to what a helpful solution might be when the
experimented data are not sufficient to build a surrogate model, yet an easier-to-handle
substitute model for lattice structures is still needed.

In response to this, Thongchai et al. [28] simplified the FE simulation by allowing
the lattice structure to be modeled as a solid body but using the lattice-structured body’s
equivalent elastic properties, rather than modeling it with its actual complex geometry.
Kamranfard et al. used simplified FE analysis to investigate the mechanical properties
of lattice structures under compressive loading and showed the effect of lattice structure
orientation on the stiffness–weight ratio [29]. Patrik et al. [30] used finite element models
that only worked with a simple representation of the structural geometry of bone and
the inserted prosthesis. The research stated that optimizing lattice structures generated
reliable results. Researchers have tried various techniques and developed many formulas
to facilitate the prediction of the mechanical properties of lattice structures using FEM but
with more simple-to-model geometry under many loading conditions [31–34].

According to the medical guidance and professional literature, correctly chosen lattice-
shaped implants promote bone ingrowth. Based on our previous research [35–37], the
3D lattice infill type built into ANSYS has proven to be a suitable and usable lattice
structure for hip implants and can also be printed with sufficient accuracy using additive
manufacturing from Ti6Al4V material. DMLS technology was used to produce specimens
according to the ISO 13314:2011 standard [38]. The effective Young’s modulus of the
structure built from 3D lattice infill was determined at the level of the test specimens. Using
these results, a numerical model surrogating the lattice structure was developed. The
time-consuming finite element calculations could therefore be replaced with this surrogate
model. In addition to reducing computational time by a factor of 100, the accuracy of the
numerical model also satisfied the engineering practice. The novel method can significantly
optimize the design process of patient-tailored hip implants that aim to approximate the
stiffness of bone.

2. Materials and Methods
2.1. Defining Materials

A frequently used biomaterial in orthopedic applications is Ti6Al4V titanium alloy.
Since we aimed to 3D-print the designs, the material’s effective Young’s modulus was
measured during our research [35] and for the purpose of inserting the appropriate material
properties into the material library in the ANSYS finite element software. Titanium alloy
Ti64 of grade 23 is the most common name of the material that was used in this research.
Table 1 shows the material composition of the Ti64 powder. The Ti64 powder used in this
study was imported from EOS GmbH, Germany, for manufacturing and was under the
classification of titanium alloy according to standard ASTM B348 [39].

As mentioned, the mechanical properties were measured using finite element methods
and validated using lab compression tests in our previous research, the results of which
were used in the current research’s numerical simulations and are shown in Table 2.
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Table 1. Chemical composition of Ti64 powder [40].

Element Chemical Composition Percentage%

Al 5.50–6.50
V 3.50–4.50
O 0.13
N 0.05
C 0.08
H 0.012
Fe 0.25
Y 0.005

Other elements each 0.1
Other elements total 0.4

Table 2. Material properties of Ti64 used in the finite element simulations [35].

Property Value Unit

Elastic modulus 106,247 MPa
Mass density 4.4 g/cm3

Poisson’s ratio 0.34 -

Table 2 shows the elastic modulus calculated for the full solid model of the titanium
alloy to be used. In our previous research, various lattice structure types were investigated
numerically and validated with experimental compression tests, where the reduction of the
Young’s modulus was achieved through lattice optimization. It was concluded that each
lattice structure type was suitable for a certain implant type in the human body and that
the 2D lattice infill was suitable for hip implant optimization [37]. However, since the hip
implant was to be latticed with the 3D lattice infill type, the effective Young’s modulus was
also calculated for this type of lattice, considering a lattice length of 0.6 mm and thickness
of 0.4 mm. These parameters generate an implant porosity of 61% and are perfect for bone
ingrowth into implants, as proven by Sajad [41].

To calculate the Young’s modulus for the 3D lattice infill with the mentioned parame-
ters, a 20 × 20 × 30 mm rectangular block specimen was generated with SpaceClaim from
ANSYS Software 2020 R2, the middle region (20 × 20 × 20 mm) of the specimen was filled
with 3D lattice infill type, and a numerical static compression test was performed with a
force of 2300 N (conforming to the force to be applied to the implant, which followed the
compressive hip implant testing standard ISO 7206-04:2010 [42], where the lower part is
considered as fixed. A linear element order mesh type was applied to the two 5 mm lower
and upper blocks, and a patch-independent method was used with the latticed middle part
with a minimum size of 0.4 mm. There were 248,687 element nodes and 774,817 elements.
The test conditions are shown in Figure 1.

Since a numerical simulation of the hip implant was required in the setup, the result
for the Young’s modulus calculation of the 3D lattice infill type is shown in this section in
Figure 2. As can be seen in Figure 2, the effective Young’s modulus was calculated based
on the stress–strain graph. The stress–strain graph shows a value of 23,022 MPa for the 3D
lattice infill type of the lattice structure.

Figure 3 introduces the settings of the numerical compression test for calculating the
Poisson’s ratio of the 3D lattice infill type, where the same cell size was used as in the
implant to be latticed. A specimen with dimensions of 10 × 6 × 6 mm was proposed. A
patch-independent mesh method was incorporated for the latticed part and linear mesh was
integrated into the bulk part of the specimen. The mesh converged with 45,329 elements.
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The calculation was performed using Equation (1):

Poisson’s ratio = longitudinal strain/lateral strain (1)

where a numerical compression test was performed to measure both the longitudinal and
lateral strains. During the test, a displacement was applied on the vertical axis Y, and both
strains were calculated as shown in Table 3.
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Table 3. Poisson’s ratio compression test results.

Lattice Type Longitudinal Strain Lateral Strain Poisson’s Ratio

3D lattice infill type 0.1001 0.0384 0.384
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2.2. Numerical Simulation Setup
2.2.1. Designing CAD Files

Based on the international standard ASTM F2033-12 [43] of hip implant design, a
hip implant was designed using SpaceClaim, ANSYS software version 2020 R2. The
traditional standard hip implant comprises three parts: the head, the neck, and the stem.
The dimensions of the implant are defined when the head diameter, the neck’s length and
diameter, and the length of the intramedullary implant (the stem) are all known [16]. In this
study, as shown in Figure 3, the stem was divided into two bodies: the middle stem and the
lower stem. This was so we could apply a lattice structure to the middle stem to optimize
the design and enhance the bone ingrowth into the holes of the latticed part, thus increasing
the fixture of the implant and prolonging the life span of the implant without loosening.

Figure 4 also shows the setup for the compression test following the hip implant
testing standard ISO 7206-4:2010 [43], where the compression template compressed the
implant and a resin base played the role of the fixed support in the numerical simulation.

Table 4 shows a list of properties of all parts contributing to the numerical simulation
of the material.
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Table 4. Properties of the materials used in the finite element simulation.

Material Young’s Modulus MPa Poisson’s Ratio Applied to

Ti6Al4V
(Ti64 grade 23) 106,247 0.34

Hip implant’s parts
except for the
latticed part

Lattice structure
surrogate part

(measured)
23,022 0.384 Latticed part

CoCrMo 220,000 0.35 Femoral head
316Steel 190,000 0.26 Pressure plate

Resin 3100 0.31 Base

2.2.2. Applying Lattice Structures

Using the SpaceClaim program, the lattice structure of the 3D lattice infill was applied
to the middle part of the implant stem. Three variations were used, where a shell of 1, 2,
and 3 mm thickness of lattice was applied to the middle stem of the bulk implant. Figure 5
shows the total number of implants to be numerically tested.
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2.2.3. Finite Element Analysis (Latticed Model)

Finite element analysis was performed to simulate the material response of the latticed
hip implants under real-life static in vivo conditions. Standard ISO 7206-4:2010 [42] was
followed during the compression testing to regulate the conditions regarding the applied
force value and angles of the implant and the immersion level of the implant in the resin.
The testing setup is introduced in Figure 6. According to the standard, a force of 2300 N
was applied to the compression plate. The connection between the compression plate and
the head of the implant was set to be frictionless so that the head could slide on the lower
surface of the compression plate with no friction.
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A displacement restriction was applied to the compression plate to restrict its move-
ment to move freely only on the Y-axis (vertical direction). The resin base was considered
a fixed support to the whole setup. The vertical displacement was to be considered the
measure of vertical deformation of the implant. A tetrahedral mesh type was used with
the model with a patch-independent method. A mesh convergence study was performed
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using three mesh element sizes of 2 mm, 1 mm, and 0.5 mm. There were 802,120, 841,846,
and 897,755 elements for the 1 mm, 2 mm, and 3 mm shell implants, respectively.

2.2.4. Setting the Surrogate Model

In order to save the time and cost of the simulation, the surrogate model was developed
where the middle stem of the implants (the latticed part) was modeled as bulk in terms
of geometry but with the mechanical properties of the lattice structures. The two main
important properties to be inserted into the Mechanical workbench of ANSYS were the
Young’s modulus and Poisson’s ratio (Table 2). Figure 7 shows a cross-sectional view of the
hip implants to be simulated as surrogate models for the geometrically latticed model.

A comparison in the finite element analysis between the fully latticed models and the
surrogate models was performed to show the optimization in processing time.
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3. Results
Finite Element Results

Finite element calculations were performed to analyze the compressive behavior of
the hip implant using the ANSYS Mechanical workbench 2020 R2 version. The 3D CAD
models were examined with FEA in vivo conditions dictated by the standards mentioned
previously. Both models, the geometrically latticed and the surrogate model, were analyzed
during the FE calculation. Since the compressing machine measured the vertical deforma-
tion of its compression plate, Figure 8 compares the two models in terms of the resulting
vertical deformation of these plates in the models. The black-colored legends show the
vertical deformation of plates as an absolute value (the maximum and minimum values
are the same). On the other hand, the colored legend shows the total deformation, which
informed the implant’s behavior.

Table 5 numerically compares the accuracy of the difference between using a geomet-
rically latticed model and the surrogate model. The deviation range in the results varied
between 1 and 4%, which was within the acceptable range.
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Table 5. Deviation in results between geometrically latticed model and the surrogate model.

Model 1 mm Lattice 2 mm Lattice 3 mm Lattice

Vertical Deformation mm

Geometrically
latticed model 0.357 0.408 0.433

Surrogate model 0.354 0.392 0.427

Deviation % 1 4 1
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The accuracy of the results was inspected using a mesh convergence study based
on defining the vertical deformation results against the mesh element size, as shown in
Figure 9. A final mesh element size of 0.5 mm with the tetrahedral mesh type and a
patch-independent method were set until 5% convergence was reached.

Thus, the surrogate model could be used instead of the geometrically latticed model
and gave accurate results under numerical simulations. Table 6 shows a comparison
between the two models in terms of solving time and RAM usage in the operating system.
The computer used for the simulation had four logical processors with four cores of the
type Intel(R), Santa Clara, CA, USA, and the installed physical memory (RAM) was 16 GB.

Using the substitute model drastically reduced time and RAM usage, saving time and
simulation costs. The computation time was reduced from thousands to a few seconds and
RAM usage was reduced from thousands to a few hundred megabytes.
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Figure 10 shows the equivalent stress values for all variations in the lattice-structured
implants. As can be seen in the figure, stress values decreased as the shell thickness
increased; this was related to the increased deformation in the implants with a shell volume
with greater elasticity.
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Table 6. Deviation in results between geometrically latticed model and the surrogate model.

1 mm Lattice 2 mm Lattice 3 mm Lattice

Model Normal
Model

Surrogate
Model

Normal
Model

Surrogate
Model

Normal
Model

Surrogate
Model

Time (s) 1580 17 7363 20 9683 24

Maximum
memory

used
(MB)

1878 116 1924 124 2293 140

4. Discussion
In this study, the issue of modeling a 3D latticed model of a hip implant was addressed.

CAD modeling of 3D latticed hip implants is complicated and always consumes much time
and expense related to computing power, which makes simulation studies hard to perform.
The authors found that the most effective way is to replace the geometrically latticed model
with a bulk model that has the same numerical properties in the simulation software. The
main numerical mechanical properties that should be used to define the material in this
case are the Young’s modulus and Poisson’s ratio.

In [23], Johannes et al. presented a basis for the selection and practical implementation
of surrogate models by using mesh-free surrogate models for structural mechanic FEA
simulation. The study suggested that mesh-free surrogate models overcome the drawback
that is represented by the need for more computational effort in case a higher-resolution
simulation is needed. Lower geometrical complexity could be applied with such models,
which would save both the time and cost of the numerical solution. On the other hand, we
performed meshed numerical calculations where the solution accuracy was preserved and,
yet, the simulation time and computation capacity were reduced.

In our study, the simulation processing of latticed hip implants was optimized by
the integration of latticed model’s properties into the bulk model’s properties, which
accelerated the solution procedure without having to incorporate a machine learning model
to reduce the variables in the process. Aldair et al. [25] tried to combine computational
approaches with machine learning-based approaches in order to reduce costs and accelerate
design creation.

Using a surrogate model to replace a latticed model depends, however, on many
factors. Firstly, the number of variables incorporated into the simulation process—two in
this study—can make the process more efficient. Secondly, the computation capacity that
is available should be considered; a computer’s RAM memory and processors can define
whether the need to reduce a simulation’s load is worthwhile. Lastly, the accuracy level
that is needed in the simulation is important; the desired accuracy level can define whether
the use of a particular model is suitable or not.

5. Conclusions
In this research, a hip implant was designed in accordance with relevant standards

to facilitate numerical simulation. The main goal was to optimize the design by applying
lattice structures in three distinct variations to the middle stem area of the hip implant stem.
The lattice configuration was implemented as a shell with multiple thicknesses, offering
structural flexibility and mechanical efficiency. In order to evaluate the performance of
the design variations, numerical compression tests were performed under the established
standards for hip implant compression testing.
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One good aspect of this research was the introduction of a surrogate model with
properties identical to those of the geometrically latticed model. This substitute model
helped simplify the complex geometry while preserving the necessary mechanical behavior.
The simulation results revealed that the application of lattice structures led to a significant
reduction in equivalent stress values, indicating an improvement in the implant’s structural
performance. Additionally, the computational time required for the simulation was greatly
reduced, leading to considerable cost savings. This reduction in computation time, however,
did not affect the accuracy of the results, which remained within an acceptable margin of
error (within 5%).

Another benefit to be noticed of using the substitute model was the reduction in RAM
usage. Due to the simplification of the simulation process, the model was run efficiently
even with a medium-performance computer, thus enhancing accessibility and practicality
for research.

For future research, it is planned to validate these numerical findings through lab-
oratory experiments on 3D-printed hip implants. This experimental verification could
confirm the reliability of the proposed design optimizations and support the practical
implementation of lattice structures in hip implant manufacturing. In general, this study
presents a promising approach to the optimization of hip implant design while reducing
computational demands and maintaining high accuracy and performance standards.
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