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Abstract

Bone resorption secondary to stress shielding is a leading cause of hip implant failure,
primarily due to the stiffness mismatch between the femur and the prosthesis. Although
anatomical stem designs generally provide improved load transfer, Dorr type C femurs
often require straight stems to ensure adequate primary stability. This work presents a
systematic approach to designing a straight, additively manufactured porous titanium
hip stem aimed at minimizing stress shielding. The lattice architecture is customized to
replicate the mechanical properties of bone based on patient-specific femoral CT scans.
The performance of the resulting porous implant is numerically assessed under simplified
physiological gait loading conditions. The implant behavior is evaluated through a homog-
enization strategy to model the lattice structure, significantly reducing the computational
effort and making the methodology easily replicable. Compared to its full counterpart,
the porous design achieves a significant reduction in predicted bone loss, suggesting that
the proposed framework is a promising proof of concept for patient-specific implants.
While further experimental validation and larger cohort studies are required, these findings
highlight the potential of mechanically tunable porous structures to mitigate the stress
shielding phenomenon in anatomical conditions such as Dorr type C femurs, which require
straight stems.

Keywords: stovepipe femur; stiffness customization; lattice; patient-specific; finite element

1. Introduction

Total hip arthroplasty (THA) is among the most commonly performed joint replace-
ment surgeries. Projections estimate a 176% increase in THA by 2040, rising to 659% by
2060 [1]. Although survival rates for hip prostheses are generally high, failures can still
occur; clinical data from various countries [2—4] indicate that more than 30% of revision
surgeries are due to aseptic loosening or periprosthetic fracture, which can result from
excessive bone resorption. This issue can be attributed to non-optimal prosthesis design.
Specifically, excessive stiffness mismatch between the femur and the prosthesis reduces
the mechanical solicitation on the bone, leading to its loss: this phenomenon is known
as stress shielding. Straight femoral stems are more prone to inducing bone resorption
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compared to short or anatomical designs due to their bulkier geometry [5,6]; in cases of
severe bone resorption, stem fracture may occur, as shown in Figure 1. Consequently,
straight implants have been progressively replaced by fit-and-fill designs. Nevertheless,
they remain a valuable solution in cases where anatomical shapes do not always lead to

good postoperative outcomes, particularly in patients with a so-called stovepipe femoral
canal, classified as Dorr type C [7,8].

Figure 1. X-rays of a right THA failure in a Dorr type C femur as a consequence of stress shielding.
The yellow lateral arrow indicates massive bone resorption in Gruen zone 1, while the medial black
arrow indicates the stem fracture (image provided by Dr. Massimo Franceschini, orthopedic surgeon
and head of Ortopedia e Traumatologia I, Istituto Ortopedico “Gaetano Pini”).

The Dorr classification is based on the flare index (FI), defined as the ratio between the
intracortical width of the proximal femur (20 mm proximal to the lesser trochanter) and the
intracortical width of the canal isthmus: wt /w; (Figure 2) [9].

(a) (b) (0

Figure 2. Dorr classification of the femur based on the flare index (FI), calculated as wt /wj. (a) Type
A, “champagne-fluted” femur: 4.7 < FI < 6.5; (b) Type B, “normal” femur: 3 < FI < 4.7; (c) Type C,
“stovepipe” femur: FI < 3.

In particular, stovepipe femurs are characterized by an FI lower than 3 and have a
prevalence exceeding 10%, with a peak of 22% in the elderly population [7,10,11], mainly
due to the progressive reduction in cortical thickness. In such cases, anatomical constraints
significantly limit alternative options and straight stems—typically cemented—provide
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better apposition to the femoral canal [12,13]. However, the implantation of bulk straight
stems, designed for distal fixation within the femoral canal, can lead to proximal loosening.
This phenomenon, in conjunction with the thin cortical layers, increases the susceptibility
to aseptic failure, resulting in a periprosthetic fracture incidence of 15.9% [7]. To address
the surgical requirement for a straight stem while mitigating the phenomenon of stress
shielding, a design strategy aimed at tailoring the stiffness of the prosthesis to match that of
human bone and control bone resorption/regrowth could potentially reduce the incidence
of THA failures [14].

In this context, additive manufacturing (AM) has opened up unprecedented opportu-
nities over the last decade, including the ability to customize the mechanical properties of
solid materials by controlling the mesoscale porosity [15,16]. The use of lattice structures
and cellular materials, fabricated from a wide range of constitutive materials, has led to
improved component performance across various fields [17].

Specifically, in the orthopedic sphere, significant improvements can be achieved
through the development of metamaterials composed of biocompatible metals (e.g., tita-
nium alloys) exhibiting elastic properties comparable to those of human bone [18-24]. AM’s
ability to produce complex and unique shapes without additional costs or setting times
represents a driver in the realization of high-performance patient-specific devices [25,26].
Customized prostheses are becoming an effective solution, as they can provide optimized
performance and mimic the organic nature of native bone, enhancing their integration with
the surrounding tissue [27].

The application of lattice structures in THA to reduce stem stiffness, and consequently
stress shielding, has been extensively investigated in the literature. The most common
approach involves tailoring the lattice geometry to achieve a stem with a spatially varying
stiffness distribution [28-30]. Although these studies provide valuable insights into the
mechanical potential of lattice-based designs, they do not explicitly analyze the potential
mitigation of the stress shielding phenomenon [28,30], or they rely on simplified synthetic
femur configurations [29]. More recent studies have incorporated patient-specific bone ge-
ometries derived from computed tomography (CT) scans. In particular, Alkhatib et al. [31]
and Nomura et al. [32] directly guided stem design by optimizing the spatial distribution
of porosity (or relative density) to tailor the implant stiffness according to the stress dis-
tribution in the native femur. By contrast, Gok et al. [33] and Kladovasilakis et al. [34]
employed imaging data only for the evaluation of bone loss, without tailoring the implant
design, thereby limiting the potential for stress-adaptive optimization. Arabnejad et al. [35]
adopted a different strategy, introducing a graded lattice structure based on the bone
density distribution derived from CT scans. Although this approach enables a biomimetic
design, the use of homogenization in the presence of a graded architecture may compromise
the accuracy of the results, as the homogenized scale separation assumption necessitates
the sufficient repetition of identical unit cells. Limmahakhun et al. [36] developed a stem
featuring both longitudinally and radially varying stiffness by properly tuning the pillar
thickness of octahedral cells; however, as previously mentioned, the radial partition of
the stem may compromise the accuracy of the results when using a continuous approach
due to the reduced dimensions of the sections. By contrast, Naghavi et al. [37] proposed a
detailed analysis of their hip prosthesis design, in which stiffness distribution was guided
by the stress field resulting from the operating loading conditions. While this strategy
avoids the limitations related to the homogenization theory, a highly detailed numerical
model comprising over 20 million nodes is required, with a large computational cost.

While these studies highlight the potential of lattice-based designs to tailor implant
stiffness, significant limitations remain. Approaches based on fully resolved lattice geome-
tries or multi-scale modeling can provide higher fidelity in capturing local mechanical
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behavior, but they are often associated with extremely high computational costs, limiting
their applicability in a clinical or preoperative planning context. For instance, detailed mod-
els may require tens of millions of elements and the use of high-performance computing
resources, making them impractical for routine use. Conversely, simplified approaches
based on linear elastic homogenization significantly reduce the computational effort but
rely on strong assumptions, such as scale separation and periodicity of the unit cell, which
may not be fully satisfied in graded or patient-specific designs. Moreover, most existing
studies adopt linear material behavior and simplified bone remodeling models, neglecting
non-linear bone responses and time-dependent adaptation mechanisms, which may affect
the accuracy of long-term predictions.

In this context, the present solution positions itself as a trade-off between model fidelity
and computational efficiency, proposing a systematic and clinically feasible framework
that leverages homogenization while explicitly acknowledging its limitations. The aim
is not to provide a fully predictive model of bone remodeling but rather a robust and
reproducible tool for the comparative design and preliminary assessment of a load-sharing
customized lattice hip implant specifically tailored to the biomechanical needs of Dorr type
C femoral bone. Given the critical issue of stress shielding, particularly in similar cases,
where clinical constraints require the use of a straight stem, the framework focuses on
(i) reconstructing and analyzing anatomical data to accurately capture the bone density
distribution; (ii) minimizing peri-prosthetic bone loss, compared to a solid stem counterpart,
through an optimal lattice structure distribution; and (iii) ensuring computational efficiency,
compatible with preoperative surgical planning.

2. Materials and Methods
2.1. Bone Reconstruction

Femur CT scans of a patient cohort were provided by Prof. Innocenti, PhD (Université
Libre de Bruxelles, Bruxelles, Belgium), among which a dedicated Dorr-C healthy adult
male case was identified. The geometry of the femur was reconstructed from the DICOM
data using the commercial software Mimics 25.0 (Materialise NV—Leuven, Belgium) to
create an FE model in Abaqus 2022 (Dassault Systemes SIMULIA Corporation—]Johnston,
RI, USA).

Beyond geometry definition, CT scans were used to map the elastic modulus field in
the bone by means of literature correlations between the gray scale of the CT and the elastic
modulus of the portion of bone corresponding to a voxel, using the open-source software
Bonemat v3.2 (Istituto Ortopedico Rizzoli—Bologna, Italy) [38]. Specifically, the software
requires as input the CAD format of the bone and the CT scan images, and, once the
parameters needed for the correlation are chosen, it generates an FE model (Abaqus input
file) where each tetrahedral element has a specific elastic modulus value. In the absence
of specific calibration data, the CT scan grayscale values (expressed in Hounsfield units,
HU) were associated with the local bone elastic modulus E through a set of literature-based
equations (Equations (1)-(3)) specific for the proximal femoral region:

poct = —0.00393573 4 0.000791701 - HU 1)
Pash = 0.079 + 0.877 - PQCT (2)
E =04 14,664 - pye, ¥ 3)

where pgcr is a value representative of the bone mineral density, while p,, is the physical
quantity relating the bone mineral density to the bone mechanical properties [39]. With
different elastic modulus values (E) associated with each element, a mesh sensitivity
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analysis was performed. Edge lengths from 2 mm to 6 mm across six distinct femoral zones
were evaluated; for each region, the average E—weighted by the element volume—was
calculated and compared against the results obtained from the finest mesh.

2.2. Prosthesis Design

The prosthesis CAD model used in this work was designed in Solidworks 2020 (Das-
sault Systemes—Vélizy-Villacoublay, France) (Figure 3a), mimicking the design of a com-
mercially available straight, tapered solution with a rectangular cross-section. In order
to satisfy the stringent constraints required for correct THA positioning, the prosthesis
was properly sized and placed inside the femur (Figure 3b) using Materialise 3-matic
(Materialise NV—Leuven, Belgium) under the supervision of orthopedic surgeons (M.F.
and J.M.).

(\ !

200 mm

'

25 mm 16 mm
(a) 3D CAD geometry (b) Positioning in the femur

Figure 3. Prosthesis design inspired by a commercially available straight stem.

The placement of the prosthesis allowed the identification of the bone portions re-
moved during THA. As previously mentioned, in order to reduce stress shielding, an ideal
prosthesis should exhibit mechanical behavior equivalent to that of the replaced bone. To
this aim, the distribution of E was mapped onto the bone volume occupied by the stem
using Bonemat, following the same procedure previously described for the femur model.
Subsequently, the internal filling of the prosthesis was defined by modulating the density
of the lattice structure. As homogenization cannot be reliably applied to graded lattice
structures, a periodically repeated lattice over sufficiently large volumes was adopted,
rather than a graded configuration in which each unit cell potentially differs from the
others [40,41]. This approach significantly reduces the computational costs while providing
accurate approximation of the overall mechanical response of the implant [42]. The choice
of four longitudinal regions was not arbitrary but resulted from a trade-off between the spa-
tial resolution and the requirements of the homogenization approach. The initial number of
partitions was set equal to thirty; in each zone, the homogeneous elastic modulus was com-
puted as the volume-weighted average of the elastic moduli of all elements whose center of
mass belonged to the respective partition. However, it is important to note that, in order to
satisfy the homogenization assumption of infinite periodicity, the region characterized by a
uniform lattice geometry should be sufficiently large to ensure consistent results [43,44].
Consequently, adjacent regions with comparable elastic moduli were merged, resulting in a
stem that was transversally partitioned into four sub-regions based on the average bone E
computed from the corresponding superimposed CT regions along the femoral axis.
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The most suitable 3D cell capable of guaranteeing mechanical properties consistent
with bone was selected from the library of nTop 3.40 (nTopology—New York, NY, USA)
after preliminary analyses, following two main directions:

1. The lattice cell had to guarantee an adequate value of E but, at the same time, high
fatigue strength, so the ratio between these two quantities was investigated;

2. The lattice cell had to have a morphology with feature dimensions compatible with
the current technological limits for laser power bed fusion processes so as to ensure
manufacturability.

Once selected, the lattice cell was mechanically characterized in terms of the equivalent
homogenized E, which depends on three main parameters: the base material Es, the
topology, and the relative density p*, defined as the density of the lattice p over the density
of the corresponding solid material ps. For full characterization, 4 cells with different p*
were generated to obtain Ashby maps for the homogenized E [45,46]. First, the relation
between p* and the strut thickness (t) over the cell length (L) was evaluated; second, the
link between p* and the ratio between a given homogenized mechanical property of the
lattice and the corresponding property of the base material [45,46] was investigated. The
relation between p* and E was found by adopting linear elastic homogenization theory
and simulating a single cell with periodic boundary conditions (PBC).

By considering the target values of E derived from the CT analysis, the corresponding
p* values were computed by reversing the relationship of E. Subsequently, the ratios ¢/L
were obtained based on p*. To ensure that the minimum f of the strut in all four regions
exceeded 300 um, which was considered a reasonable technological limit for the smallest
printable features [21], the cell length was set to 2 mm. The prosthesis was filled with
the selected unit cell by means of the software nTop, in which continuity among the four
different domains was ensured by imposing a linear variation in the strut t over a distance
of 2 mm.

2.3. Stress Shielding Performance Evaluation

The evaluation of stress shielding performance is of primary importance to properly
design a hip implant. Specifically, in this study, stress shielding was investigated through
static linear numerical analyses, as proposed in several literature works [20,21,35,37,47,48].
FE analyses were performed on the intact physiological bone, which served as the reference,
and on the implanted bone, considering both a fully solid titanium implant and the novel
lattice-based design proposed here (all simulations were run on 32 cores on a computing
node equipped with 125 GB RAM).

The research was carried out under simplified loading conditions representative of the
physiological gait, as schematically illustrated in Figure 4a. Specifically, the applied loads
included the hip joint reaction force (F), the contribution of the abductors (F,), the tensor
fasciae latae (F3, Fy), and the vastus lateralis (F5), as these muscles are known to have the
greatest influence on the femural stress field [49,50]. The magnitudes and 3D orientations
of these forces (Table 1) were taken from the literature [47] and represent the effective
loads acting on the femur of an 85 kg individual during the peak loading phase of walking
(single-leg stance). Since this study was conceived as a proof-of-concept investigation based
on a single patient, such a body weight was adopted as a representative average value for
an adult male, consistent with the CT data used for femoral reconstruction.
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(@) (b) (c)

Figure 4. FE models used for evaluation of stress shielding: (a) forces acting on the femur in
physiological conditions (for numerical values, see Table 1); (b) FE model for intact femur; (c) FE
model of implanted femur.

Table 1. Effective forces acting on the femur of a human weighing 85 kg at a maximum load while
walking (single-leg stance). The directions of the forces are coherent with the coordinate system
reported in Figure 4a.

Force F, [N] F, [N1] F, [N]
Hip contact (F) —451 268 —1916
Abductor (F) 485 —36 723
Tensor fascia latae (F3) 60 -97 110
Tensor fascia latae (F) —4 6 —159
Vastus lateralis (Fs) -8 —155 =777

To computationally simulate the physiological bone, FE analyses were performed on
the Bonemat-based model obtained from CT scan reconstruction (Figure 5a), which was
previously used to derive the E design targets. The model consisted of tetrahedral elements;
to expedite the analyses and reduce the computational costs, linear elements were adopted,
as no particular emphasis was required to address local stress concentrations. The loads
acting on the femur were applied as concentrated nodal forces, as shown in Figure 4b,
coupled with a femoral portion equivalent to the area of muscle attachment. Since the
interest was focused on the region potentially affected by the implant, only the proximal
femur was considered in the analysis; the distal end of the bone was fully constrained
in all three directions to prevent rigid body motion (Figure 4b,c), in agreement with the
literature [36,37].

The implanted femur was modeled as two separate solid parts:

1.  Implanted bone—similarly to the intact bone, an FE model was generated with Bonemat
Implanted prosthesis—a stem composed of 5 materials was designed. An isotropic
material with the E of titanium (110 GPa) was assigned to the neck region, whereas
four distinct orthotropic materials were used for the lattice regions, with elastic
properties obtained through linear elastic homogenization.
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Figure 5. Femur reconstruction for numerical models: (a) 3D reconstruction and elastic modulus
color map; (b) histogram of the elastic modulus distribution obtained through Equations (1)—(3),
where vertical reference lines at 1 GPa and 17 GPa correspond to typical values of trabecular and
cortical bone elastic moduli, respectively.

The applied loads were identical to those used for the intact femur, except for the
hip joint reaction, which was applied by means of a reference point rigidly coupled to
the implant head (Figure 4c). In this way, it was possible to emulate the presence of the
acetabular cup, preserving the position of load application. Regarding the interaction
between the two parts, a tie was adopted, i.e., the two surfaces in contact were rigidly
connected under the hypothesis of complete osseointegration, symbolizing an idealized
yet representative long-term condition [51].

Once the stress and strain fields of both the intact and implanted femurs were obtained
from the FE analyses, the stress shielding performance of the designed porous implant was
evaluated by comparing the solicitation into the native bone. An adaptive bone remodeling
process occurs whenever the bone stimulus pattern is altered by an unnatural loading
condition, as may happen in the presence of a hip prosthesis. To assess this phenomenon,
the simplified model proposed by Frost [52,53] and widely adopted in the literature for hip
implant evaluation [35,37] was employed. This model relates stress shielding to variations
in the strain energy U to which the bone is subjected. Bone tissue can be considered locally
underloaded when the strain energy per unit of bone mass (S = U/p, where p is the local
bone density in g/cm?) falls below a reference value S,, £, corresponding to S in the case of
an intact femur.

However, not all underloading conditions lead to resorption, since a certain tolerance
range—referred to as the dead zone—is physiologically acceptable. Bone resorption is as-
sumed to occur when the local value of S is beneath the value of (1 —s) - S;,¢. In accordance
with the literature, the dead zone parameter was set to s = 0.75 [35], indicating that a given
region of bone is prone to resorption when the strain reduction after implantation exceeds
25% relative to the intact femur (under the assumptions of a linear elastic material and
uniaxial load). Conversely, bone regrowth is expected when S > (1 +s) - ., which corre-
sponds to a strain increase greater than 175% of the original value under the hypothesis
of uniaxial loading. Under these assumptions, the bone remodeling rate dp/dt, i.e., the
temporal evolution of bone density, can be described as
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>0, when S > (1+45) - Sper
=0, when (1—3)-S,p <S < (1+5) - Sy 4)
<0, when S < (1—3)-Spr

dp _
dar

Bone remodeling is a local volumetric phenomenon; therefore, it was assessed by
comparing the strain energy values resulting from the FE models of the prosthetic femurs,
implanted with both solid and porous stems, with those of the intact femur, which served
as the reference configuration. In particular, elements exhibiting strain energy values lower
than 1 — s of the reference were classified as prone to resorption, while those with strain
energy values above 1 + s were considered prone to regrowth. Finally, the total resorbed and
regrown masses were computed by summing the masses of the corresponding elements,
obtained considering the initial bone density.

3. Results and Discussion
3.1. Bone Reconstruction

The 3D model of the femur and the corresponding map of E are shown in Figure 5a,
while the related histogram of the observed E values is reported in Figure 5b. The sensitivity
analysis performed on the bone element size, aimed at ensuring accurate Young’s modulus
assignment, indicates that no significant differences occur in either the modulus map or
the histogram for elements with an edge length of 4.5 mm or less. Accordingly, an element
size of 4 mm was selected for modeling the bone (error < 1.5%) and has been kept constant
throughout the study. Upon analyzing the histogram, it is possible to observe that it covers
a range of E that is consistent with the literature, with peaks at approximately 1 GPa and
17 GPa, corresponding, respectively, to trabecular and cortical bone [33,54].

3.2. Prosthesis Design

The anatomical model replicates the intraoperative conditions of a THA procedure,
ensuring the proper resection of the femoral head and the preservation of the greater
trochanter. The Young’s modulus distribution resulting in the femoral region where the
stem is implanted is reported in Figure 6a. Each bar of the histogram shown in Figure 6b
represents the average value over the corresponding stem section. The figure highlights the
four identified portions, within which E exhibits limited variability. On the right side of the
histogram, a schematic representation of the partitioned prosthesis is provided, together
with the corresponding values of E, which serve as design targets. Taking into account the
goal of stress shielding minimization, the optimal solution consists of a femoral stem filled
with three-dimensional graded lattice structures that replicate exactly the Young’s modulus
distribution of the removed bone portion (Figure 6b,d).

The selected unit cell is a strut-based diamond lattice, which is widely used in the
literature regarding bone replacement lattices due to its elastic isotropy, low stiffness, and
high strength [55]. The mechanical characterization of the unit cell results in two different
equations able to describe the structure’s behavior.

*  Asstudied in the literature [46], the relationship between p* and the ratio between ¢
and L is identified. The following relation is obtained by fitting the data of the four

1.83
ot =L = 3.35(2) )

Os

selected cells:
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*  The relation between p* and the ratio of E to the base material modulus, derived from
the mechanical characterization of the cell, is also found to follow a power law:

E
Es

The prosthesis filled with the diamond lattice is shown in detail in Figure 6d. The
zoomed-in details allow us to appreciate the different structures used to achieve the various
target Young’s moduli; the corresponding values of p* are also reported.

T
E [MPa] 3
L 1,304 MPa
18,000 8
5
=
9,190 s
o
3
380 3
S
3
[
0 1,000 2,000 3,000
Eqyg [MPa]
(a) (b)
BURRIAARAR PRI
Relative density 20.34%
Zone E [MPa] t/L [-] Dy, [-]
Relative density 18.29% Zone A 1,304 0.180 85.24
Zone B 2,594 0.215 79.66
Zone C 2,064 0.203 81.71
Zone D 1,256 0.179 85.50

Relative density 14.50%

(0) (d)

Figure 6. Prosthesis design against stress shielding: (a) ideal distribution of elastic modulus on the

stem reconstructed from patient CT scans; (b) discretization of the ideal elastic modulus distribution
and subdivision of the stem in iso-stiffness regions; (c) lattice stem design exploiting a diamond
strut-based cell with different relative densities; (d) elastic modulus, cell thickness-to-length ratio,
and porosity value for each zone, ordered from the proximal portion to the distal end of the stem.

In this configuration, the pore size of the selected unit cell exceeds the optimal range
for bone ingrowth (preguires < 800 pm). The application of an external porous coating
could mitigate this issue and improve osseointegration. Nevertheless, the impact of such
modifications on the overall mechanical performance should be quantitatively evaluated.
Specifically, while it has been demonstrated [56] that the addition of an external coating
characterized by semi-spherical pores and cylindrical cell development channels does not
affect the fatigue performance of the femoral stem, the presence of an external layer in
direct contact with the surrounding bone would inevitably influence the femur-implant
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load transfer. Such a modification could alter the ability of the stem to mitigate the stress
shielding phenomenon. Furthermore, design modifications involving variations in pore
size and lattice geometry, including TPMS structures, may be investigated with the aim of
enhancing osseointegration and improving secondary stability [57].

3.3. Stress Shielding Performance Evaluation

A comparative FE analysis between intact and implanted bone models provides a
quantitative basis on which to evaluate the resulting bone remodeling process. In Figure 7a,
the maximum principal strain maps are reported for the three configurations (a section
view is provided for each case). The femur implanted with the porous implant exhibits
a strain distribution consistent with the physiological conditions. In contrast, the fully
dense titanium implant leads to pronounced underloading in both regions highlighted
by the rectangles. The amounts of bone resorption and bone apposition predicted for
the simil-bone implant are compared with those of the fully solid implant in each Gruen
zone in Figure 7b. Total bone resorption of 34% and <1% is predicted for the fully solid
and porous implant configurations, respectively, under the assumptions of the present
model. While these values suggest a substantial reduction in the stress shielding effects
with the porous design, they should be interpreted as indicative of relative trends rather
than as precise quantitative predictions. More specifically, the porous prosthesis shows
limited predicted bone loss, primarily localized in the proximal region (Gruen zone 7),
whereas the fully solid implant exhibits more extended resorption patterns, affecting both
proximal and distal regions (notably Gruen zones 6, 7, 1, and 2). On the other hand, the
ideal implant exhibits bone regrowth mainly in the proximal region, particularly in Gruen
zones 1 and 7 (Figure 7b). Overall, the model assumptions may lead to the overestimation
of the predicted reduction in stress shielding, as idealized interface conditions and linear
material behavior tend to promote more uniform load transfer between the implant and
bone. These results qualitatively indicate that the porous configuration promotes more
physiological load transfer compared to the fully solid counterpart.

Additionally, it should be considered that, by combining controlled lattice architec-
tures with patient-specific anatomical data, the implant ensures adequate primary stability.
From a clinical perspective, these kinds of porous implants allow surgeons to avoid the use
of bone cement. This aspect is particularly relevant considering both the complications asso-
ciated with cement failure and the limited suitability of cemented fixation in patients with
significant comorbidities (e.g., cancer, advanced age, severe cardiopulmonary disease, or
osteoporosis) due to the increased risk of developing bone cement implantation syndrome,
which may lead to severe symptoms, potentially culminating in cardiac arrest [58—60].

It is worth noting that this simplified model cannot completely represent the actual
bone remodeling process, as it neglects the time-dependent nature of the phenomenon
and the biological mechanisms. Equation (4) provides only an estimate of femur portions
that may be prone to resorption/regrowth in the immediate postoperative condition and
does not predict long-term evolution. For this reason, bone loss and regeneration were
evaluated based on variations in U rather than in S, since p variations were not explicitly
modeled. More sophisticated bone remodeling algorithms, such as the one developed by
Huiskes et al. [61], combined with a dynamic dead zone parameter and the simulation of
cyclic loading conditions, could improve the prediction of the long-term evolution of bone
regrowth/resorption. Nevertheless, the effectiveness of the methodology implemented in
the present study is not compromised within a comparative framework.

Additional aspects should also be addressed. First, a solid distal end should be
introduced to ensure surgical compatibility and prevent lattice damage during stem im-
plantation. Furthermore, fatigue analyses under physiological loading conditions (e.g., gait

https:/ /doi.org/10.3390/ designs10030045


https://doi.org/10.3390/designs10030045

Designs 2026, 10, 45

12 0of 16

and stair climbing) should be performed to assess long-term mechanical reliability. In this
context, numerical simulations involving homogenization approaches significantly reduce
the computational cost (a few hours for the entire analysis, from homogenization to bone
loss evaluation) compared to detailed porous models [37]. However, they do not capture
local stress concentrations within the lattice structure, which may affect the accuracy of the
predicted mechanical response, enabling only the preliminary identification of potentially
critical regions. These should subsequently be investigated in detail through submodeling
techniques and validated via experimental analysis. Finally, to enhance the robustness and
generalizability of the findings, future studies should include a sensitivity analysis and
consider expanding the dataset by including a larger cohort of patients.
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Figure 7. Stress shielding performance evaluation. (a) Maximum principal strain map for intact bone,
bone implanted with a fully dense titanium implant, and bone with the porous lattice implant; the
rectangles highlight the regions of pronounced underloading for the fully dense titanium implant.
(b) Resorbed and regrown mass evaluations in the Gruen zones 1-7.

4. Conclusions

A systematic methodology to tailor the stiffness of a hip prosthesis is presented,
based on CT images of a patient with a Dorr type C femur. The proposed framework,
employing AM technologies, enables the design of an uncemented, porous, straight stem
specifically optimized for the Dorr C femoral morphology, achieving a significant reduction
in predicted bone loss compared to the fully solid counterpart. Moreover, the design of
a patient-specific porous implant ensures adequate primary stability while potentially
avoiding the use of bone cement, which is particularly advantageous for patients with
significant comorbidities.
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While these results are promising, it is important to acknowledge that this study
serves only as a proof-of-concept work and carries limitations. The current model neglects
the complex, time-dependent nature of bone remodeling, focusing on the immediate
postoperative condition. Therefore, fatigue analyses, experimental validation, and the
inclusion of a larger patient cohort will be pursued, as they are necessary steps to confirm
the clinical scalability of the methodology and to assess the long-term mechanical reliability
of porous femoral stem designs, as well as for future regulatory approval.
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