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Abstract: The long-term effectiveness of osseointegrated implants is heavily dependent
on the short-term stability, primarily achieved immediately after surgery through a me-
chanical connection between the bone and the implant. The most common implant designs
nowadays are straight and rely on screw or press-fit fixtures. Despite the promising results
achieved by current transfemoral implants, the incidence of early failures and complications
is still high. Starting from the hypothesis that a patient-specific approach could lead to
better primary stability immediately post-surgery, this study aims to investigate the effect of
implant design on primary stability. This was performed by analyzing two patient-specific
implants, customized according to the medullary canal morphology, and a simple straight
implant as the reference standard. To quantitatively assess the primary stability, a compara-
tive computational analysis was conducted to examine the effective contact area, the relative
micromotion, and the stress distribution at the interface between the bone and the implant
stem during a static load-bearing exercise. The results showed that implants that follow
the curvature of the residual femur provide lower micromotion values and a wider contact
area, with a reduction of up to 30.4% and an increase of 10.8%, respectively, compared
to the straight design, leading to a more homogeneous load distribution. Patient-specific
prosthetic implants allow a more homogenous contact distribution that could lead to higher
primary stability by reducing micromotion at the bone-implant interface concerning the
straight profile, lowering the risk of loosening related to the short-term stability.

Keywords: finite element analysis; patient-specific design; transfemoral implant; osseointe-
gration; load-bearing exercise; primary stability

1. Introduction

The osseointegration (OI) process is widely used as a long-term anchoring method
for several applications, such as in maxillofacial reconstruction, arthroplasty, or dental
applications [1]. In the last 30 years, Ol was adopted to treat limb amputation by provid-
ing a stable fixation between the stump and the prosthetic limb. Recently, new implant
solutions have been developed by exploiting OI to allow the connection between the
residual bone of an amputee limb and the external prosthetic components [2-5]. The OI
phenomenon consists of bone ingrowth around the implant; the effectiveness of bone
augmentation guarantees the achievement of good long-term stability (secondary stabil-
ity) [2,4-9]. Primary stability could be defined as a short-term condition and is achieved
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through the mechanical connection between the prosthesis and the bone [4,6,10]. More
recently, press-fit implants have been developed, for which the primary stability relies
on the geometric interference [2,5,8,11,12]. However, excessive interference could lead to
adverse events such as periprosthetic fracture and implant failure [7,13,14]. Conversely, an
unstable press-fit condition could involve an elevated risk of mobilization in the short or
long term [7,8,12,15-19]. In the literature, the effectiveness of primary stability is evaluated
by assessing the relative micromotion between the prosthetic implant and the surrounding
bone [10,13,15,17]. Micromotion at the bone—-implant interface is a critical biomechanical
factor influencing the success of osseointegration. It is well established that the type of
new tissue formed at the bone-implant interface is directly influenced by the level of
micromotions. Specifically, elevated micromotions exceeding 50 um are known to promote
the development of fibrous tissue rather than desirable bone tissue, resulting in suboptimal
long-term stability [15,20-22]. The range from 50 to 150 pum is considered the threshold
of acceptable micromotions for achieving favorable osseointegration [13,14,17,20]. For
this reason, the morphological matching between the stem and medullary canal plays a
fundamental role in obtaining good stability [13,14,23]. In this perspective, the hypothesis
that a description of the geometry closer to the real shape of the medullary canal could
lead to better surface matching between the stem and the bone and to reduced relative
micromotion immediately post-surgery is considered in this study.

Several studies investigated the primary stability at the bone-implant interface
through experimental, radiological, and clinical assessments, supplying after-surgery
evaluations [10,13,24-26]. Both short- and long-term evaluations could be achieved by
computational studies and are widely used to quantify the relative motion that may occur
at the bone-implant interface, providing valuable information for preclinical evaluations
and new prosthesis designs [2,6,13,15-17,20,27,28].

Only a few computational models have been developed to investigate the press-fitted
transfemoral osseointegrated implants [6,29-32]. Moreover, most of them approximate the
interface between the bone and the implant as totally or partially bonded, simulating the
various conditions of OI and not considering the relative micromotion [18,29-31,33-36].
Prochor et al. have assessed the micromotion at the bone-implant interface, investigating
the influence of the geometry (length and diameter) on the primary stability, but considering
only a straight profile, without assessing the influence of the anatomical shape of the
medullary canal [6].

The main goal of this study is to determine if a patient-specific implant design en-
hances immediate post-operative primary stability. We therefore compared two implants
customized on the basis of medullary canal morphology with a standard straight implant as
the reference. We want to investigate if a patient-specific approach that exploits the implant
design to increase the performance in terms of primary stability can improve the bone
formation and produce a more homogeneous stress distribution, which may contribute to
the reduction in the bone loosening risk. To quantify the effect of the design on the primary
stability, a finite element analysis was carried out to compare the patient-specific designs
versus the standard straight one by assessing the effective contact area, the contact pressure,
and if the relative micromotions at the bone—-implant interface cross the value of 50 pm.

2. Materials and Methods

The workflow consisted of three successive steps detailed below: the CT scan segmen-
tation, where the 3D bone model of the patient is obtained; the CAD modeling, to create
the patient-specific designs and to replicate the surgical procedure; and a finite element
analysis, to assess the performance of the prosthesis.



Appl. Sci. 2025, 15,5913

3o0f14

2.1. CT Scan Segmentation

The development of a patient-specific intramedullary femoral stem started from the
CT scan of the residual bone of a transfemoral amputee subject, with a pixel resolution
of 0.78 x 0.78 mm and a slice thickness of 1.25 mm. The DICOM images of the region of
interest were imported into the software Mimics 21.0 (Materialise NV—Leuven, Belgium),
where the semi-automatic segmentation process was applied. To differentiate bone from
the soft tissue, a threshold from 660 to 1500 HU was adopted during segmentation. The
obtained 3D model of the cortical bone is shown in Figure 1.
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Figure 1. CT scan of the region of interest that was used during the segmentation (A), and the
reconstructed CAD model (B) with the steps of the workflow (C).

2.2. CAD Modeling

The abovementioned 3D model of the femur was then imported into Solidworks 2020
(Dassault Systemes, Vélizy-Villacoublay, France) to prepare the bone as prescribed by the
surgical procedure and to identify the medullary canal midline that was used to design the
patient-specific stems [2,3]. Several methodologies could be used to identify the medullary
canal surface and midline [37]. In this work, firstly, the CAD model of the residual femur
was modified by removing the callus at the distal part (Figure 2A). Then, the centroids
of eighteen transverse sections, 10 mm apart, as shown in Figure 2B, were calculated and
then interpolated with a spline to create the medullary canal midline curve. Moreover, the
interpolated 3D spline was projected on the sagittal plane (Figure 2C) of the femur to obtain
a planar representation of the medullary canal midline curve (Figure 2D). These curves
were used to prepare two different versions of the bone, simulating the surgical procedure
performed for the lower limb amputation treatment [2,38,39], reaming along the 3D spline
and its planar projection, with a diameter of 19 mm.

Two implants were created by extruding a circular section, with a diameter of 19.1 mm,
along the 3D and 2D medullary canal midline curves, obtaining the patient-specific design
(PSD) and the planar patient-specific design (PPSD) stems, respectively. The PSD and the
two curves used to obtain the implants are presented in Figure 3.
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Figure 2. The original CAD model of the femur with the callus and the cutting plane selected to
remove it (A), the cross-sections adopted to identify the centroids (B), the sagittal plane of the femur
(C), the 3D medullary canal midline (black), and its projection on the sagittal plane (white) (D).

140.10

°0

Figure 3. The CAD model of the PSD with the medullary canal highlighted in black in the longitudinal
(A) and frontal (B) view and the two curves (C), the medullary canal midline (black) and its projection
on the sagittal plane (blue) used to design the PPSD.

A 0.1 mm interference resulted between the bone and the implant, a typical value
reported in the literature [6,20,25]. In addition, the same procedure of bone preparation
and stem design was also performed by following a straight segment orthogonal to the cut
plane, which represents a standard implant with a straight design (SD). The implants were
designed with a length of 140 mm, as used for commercially available transfemoral prosthe-
ses [12,40]. The abutment, commonly used in these implants to connect an intramedullary
component to the external prosthetic limb, was added at the distal part of the prostheses,
where the load will be applied. In the end, three bone—-implant assemblies were obtained
by matching the PSD, PPSD, and SD stems and the residual bone, respectively (Figure 4).
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Figure 4. A sectional view along the sagittal plane of the straight design (A), the planar patient-
specific design (B), and the patient-specific design (C) bone-implant assembly. The transverse views
A-A, B-B, and C-C show the difference in the contact surface among the three implants.

2.3. FE Analysis

The CAD assemblies were imported into Abaqus CAE 2020 (Dassault Systémes, Vélizy-
Villacoublay, France), and implicit non-linear static analyses were performed [15,17,41].

2.3.1. Material Properties

The prosthetic implants, made using titanium grade 5 (TI6Al4V), were considered an
isotropic material with elastic behavior, as commonly reported in the literature [6,18,23].
Since our interest is focused on the behavior of the bone around the implant stem, only
the cortical bone was considered and modeled as an orthotropic material [23,34,42]. The
adopted material properties are presented in Table 1.

Table 1. Implant’s material properties.

Ex Ey Ez Gxy Gyz Gxz VXy vyz Xz
Cortical bone 12 GPa 13.4 GPa 20 GPa 4.53 GPa 6.23 GPa 5.61 GPa 0.376 0.235 0.222
Ti6Al4V 110 GPa // // // // // 0.3 // //

Sources: [21,43,44].

2.3.2. Mesh

A second-order 10-node tetrahedral element (C3D10HS) was used to mesh both the
femur and the implant, as shown in Figure 5 [6,22,31,34]. A mesh sensitivity analysis
assessing the maximum micromotions and von Mises stress in the distal, middle, and
proximal sections, respectively, at 0, 50, and 100% of the implant length, was conducted.

The variation in the micromotions and the contact pressure, along with the element
size, is reported in Figure 6. The final meshes resulted in an average element size of
2 mm with a refinement at the bone-implant interface of 1 mm, for a final number of
approximately 600,000 elements.
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Figure 5. The final mesh of the bone—-implant assembly (A) and a sectional view of the bone, along
the sagittal plane, (B) that shows the mesh refinement on the contact surface.
A
£ I e ———— ey ————————p

GG I ==t === - o o o

58
50
42
34

26 [—
18

Micromotions [pm]

4 3 25 2 15 1
Element size [mm]

@

43
38 ~
33 - - e e e - - - - e - -

28 TS

von Mises Stress [MPa)

18

Element size [mm)]

= == Distal section = - -Middle section Proximal section

Figure 6. Variations in the micromotions (A) and the von Mises stress (B), with the element size, at
the bone-implant interface for three different cross-sections.

All the simulations were conducted on a workstation equipped with Windows 10, an
Intel Xeon E5-2670V3 (Intel corporation, Santa Clara, CA, USA), and 128 GB of RAM. The
mean time required to complete a simulation was approximately 8 h.

2.3.3. Boundary Conditions

Each analysis was performed following two subsequential steps: pre-loading due to
the press-fit condition and compression loading. In the first step, the press-fit condition
was achieved by enabling Abaqus 2020 built-in function interference fit [7,20,45]. In the
compression loading step, a load of 1000 N linearly applied along the anatomical axis was
considered [6,16,19,46], while the bone was fixed on the proximal part [6,18,31,35]; the
boundary conditions are depicted in Figure 7. The adopted compression load represents
a static load-bearing exercise usually performed to stimulate bone growth. The use of a
compression load along the bone axis is justified by the fact that a simple bathroom scale is
used to assess the weight fraction applied by the patient during the load-bearing exercise.
The friction condition at the bone-stem interface was modeled with a penalty method
using the finite sliding surface-to-surface formulation, with a friction coefficient of 0.29, as
reported in the literature [15,24,41,45]. All analyses were performed using contact control
with a compenetrating tolerance of 0.2% [22]. All contact parameters used in the model are
summarized in Table 2.
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Figure 7. The final assembly with the constraints and the force applied.
Table 2. Parameters used to define the contact.
Contact element Contact formulation Normal behaviour Normal stiffness Tangential behaviour
surface to surface finite sliding “Hard” penalty 600 N/mm penalty
Friction coefficient Elastic slip Interference @ Contact control Line search control iterations
0.29 0.005 mm 0.1 mm 0.20% 5

Sources: [15,41,45].

3. Results

To evaluate the performance in terms of primary stability and the possible effect on
secondary stability, different results were extracted. Because the three implants designed
did not have identical bone-stem surfaces, as clearly shown in Figure 4, the effective area
of the bone-implant interface and the percentage of the effective contact surface, with
respect to the total stem surface, of the implants were calculated. The values are reported

in Figure 8.
7147 o
7100 100%
6829
6800 88% 90%
6500 st 84%
79% 80%
E 6200
£
5900 70%
5600
60%
5300
5000 50%
SD PPSD PSD
meffective contact area % contact area

Figure 8. The effective contact area of the bone-implant interface and the percentage of contact area
with respect to the entire stem surface.

The primary stability was calculated by evaluating the micromotions under a load of
1000 N representing the static load-bearing exercise carried out during the rehabilitation.
Micromotions were evaluated using Abaqus 2020 built-in function CSLIP, reported in the
Abaqus manual as the tangential relative motion between the nodes of the bone and the
implant. The CSLIP value was evaluated at the contact surfaces along two perpendicular
directions, identified as CSLIP1 and CSLIP2 [24,47]. The micromotion at the bone-implant
interface was calculated as the result of the tangential relative displacements (CSLIP1 and
CSLIP2) for each node-n, as defined in Equation (1):

CSLIP, = \/ CSLIP1,% + CSLIP2,2 (1)
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The primary stability was evaluated by assessing the micromotion values at the bone—
stem interface to check if micromotions cross the value of 50 um, which represents the
minimum value where fibrous tissue, instead of bone tissue, is formed, with the risk of
compromising long-term stability [15,20-22]. The maximum micromotions for the three
implant designs are shown in Figure 9. The micromotion maps’ distribution along the
contact surface is reported in Figure 10, where it is possible to see how the amount of
surface under slip conditions is different for the three implants. There is a wide zone of the
SD with micromotions over 50 um.

80
70
— 60

73.9
58.6
£ 51.4
=
=50
S
sé 40
S 30
Qo
€20
10
0
SD PPSD PSD

Figure 9. Maximum micromotions at the bone-implant interface.
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Figure 10. Micromotions distribution at the bone—implant interface from a left (A) and a right (B)
view of the surfaces.

The implant that has shown lower values of maximum micromotions was the PSD
design, with a peak value of 51.4 um. For the PPSD design, a peak of 58.6 um was recorded.
The worst results were achieved with the SD implant, which shows a maximum value of
73.9 um. The von Mises stress distributions (Figure 11) and the maximum and average
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contact pressure (Figure 12) of five cross-sections at five distinct levels of the contact length,
from 0 to 100%, were assessed.

i
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Figure 11. Positions of the analyzed sections on the bone—-implant assembly, with a detail of their
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positions on the implant’s stem (A) and the respective von Mises stress distribution for the SD, PPSD,
and PSD (B).
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Figure 12. The maximum (A) and average (B) contact pressures at five sections of the bone-implant
interface.
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From those distributions, it is possible to observe that the von Mises stress distribution
for the SD implant, as shown in Figure 11, is irregular in all the analyzed sections; instead,
the PPSD and PSD implants show a more regular distribution of the von Mises stress in
the cortical bone. Figure 13 shows the distribution of the von Mises stress for a section
along the sagittal plane, where it is possible to see how a thicker portion of cortical bone
participates in the load transfer.

von Mises stress

PSD

Figure 13. Maps of von Mises stress distribution along the sagittal plane for the analyzed implants.

4. Discussion

Osseointegration serves as a long-term anchoring method in diverse applications,
including limb amputation. Primary stability, achieved through mechanical connection,
is evaluated via the assessment of bone-implant micromotions. The magnitude of these
micromotions is a key factor in successful osseointegration. While micromotions exceeding
50 um may promote fibrous tissue formation, a range of 50-150 pm is generally considered
acceptable. Consequently, precise morphological matching between the implant stem and
the medullary canal is crucial for ensuring adequate stability. The purpose of this research
is to establish if a customized implant design, based on the medullary canal, increases
immediate post-operative primary stability. In particular, two curved patient-specific
intramedullary stems and a straight one, used as a reference model, were designed. To
assess the primary stability, micromotions at the bone-implant interface were calculated in
a virtual model of the residual bone under an axial load of 1000 N.

Different performances in terms of micromotion values and distributions were cal-
culated for each stem. Micromotions are higher in the distal part (Figure 10), having all
the implants at their maximum micromotion value in the first portion of the contact area.
In detail, the PSD prosthesis’ maximum micromotion just overcame 50 um with a value
of 51.4 um that was registered in a small region of the distal part of the contact surface,
and a no-slip area was found in the proximal part of the contact area. On the other hand,
the micromotion distributions of the SD showed a wide area, about half of the contact
length, where the micromotions exceed 50 pum, with values that range from 56 to a maxi-
mum of 73.9 um. The PPSD implant showed a maximum value of 58.6 um in a reduced
area similar to the PSD, a strong asymmetric distribution of the micromotions, unlike the
PSD. This suggests that the patient-specific approach could have positive implications in
long-term stability, suggesting that the PSD implant, as well as the PPSD one, can prevent
the formation of fibrous tissue related to an excessive relative motion between the bone
and the implant, as well as the PPSD. On the other hand, due to higher micromotions,
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the SD implant can more probably lead to the formation of fibrous tissue and consequent
incomplete bone ingrowth [13,15,20-22]. By the examination of the contact pressure at dif-
ferent sections (Figure 12), it can be stated that the SD implant causes the highest maximum
contact pressure among the evaluated stems, but the average contact pressure is the lowest,
suggesting that for the PSD and PPSD, more bone is involved in the interference, leading
to a better press fit and a more homogeneous distribution of the contact pressure. Taking a
closer look at the von Mises distribution (Figures 11 and 13), useful indications could be
extrapolated about the stress distribution. Specifically, the von Mises stress maps appear
more homogeneously distributed in the whole contact zone for the PSD and PPSD, engag-
ing a thicker portion of cortical bone in the load transferred from the implant to the bone.
Also, stress distribution could provide some information for long-term stability; in fact,
the stress distribution and the micromotion of the patient-specific implants suggest that a
homogenous bone remodeling could occur with no fibrous tissue formation, preventing
possible adverse events such as the risk of implant loosening [6,13,18,21,28,30,35,36,48].

A close comparison of the results reported in this study can be carried out with the
works of Prochor et al., 2019 [6], in which the primary stability was investigated using
the same load condition adopted in our work, finding similar values compared to our
results for the micromotions at 1000 N (76.02 um [6]). Moreover, the von Mises stress values
obtained in our study are comparable with the results reported by Prochor 2017 [34]. For the
von Mises stress distribution, some studies reported unloaded zones and bone resorption
in the distal part of the bone-implant interface both in the computational study [18] and
the radiological assessment [49], confirming that the distal portion of the bone receives less
load, as found in this study.

Although the present study met its purposes, some limitations should be acknowl-
edged to improve and refine future research. Currently, the literature does not provide
enough experimental data that would help the setup of more reliable numerical models.
The limited indications that can be extrapolated concern original studies that are usually
focused on several anatomical parts, such as the hip [6,16,17,22,34,41,43] or the knee [24].

No anisotropy related to the implant material, which may derive from the manufactur-
ing process, is considered due to the high difference in stiffness between bone and implant
and the fact that our focus is on the bone stress [10]. For this reason, our result represents a
preliminary work with a comparative purpose. From a methodological point of view, in
this study, the cortical bone was modeled as an orthotropic material, according to similar
works in the literature [10,30,34,43], but could be modeled with other numerical models,
such as the micro-plane model [50], used for new materials that have similar behavior.

5. Conclusions

In this study, a comparative analysis among three different transfemoral osseointe-
grated implants was performed. A straight stem and two patient-specific implants were
analyzed: the first one was designed by exactly following the medullary canal midline
curve, and the second one was designed by projecting this curve on the sagittal plane.
Specifically, equipping a residual femur with a stem designed following the medullary
canal midline allows obtaining a lower value in micromotion (51.4 pm) at the bone-implant
interface for 1000 N, compared to a stem realized following a straight line (73.9 pm) or a
planar projection of the medullary canal midline (58.6 pm). Moreover, the patient-specific
implants have shown a wider contact area, with an increment, concerning the SD, of 11%
and 6% for the PSD and PPSD, respectively. This results in a larger part of bone volume
participating in the interference and so involved in the load transferred, leading to a rele-
vant increase in the average contact pressure. These results show the effectiveness, in terms
of primary stability, of a patient-specific approach and suggest that an implant designed
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from the bone morphology can reduce the risk of fibrous tissue formation and homogenize
the stress distribution and consequently help to reduce the bone loosening.

The approach used in this study could be effectively used for other anatomical dis-
tricts [51], contributing to spreading the patient-specific prosthesis design, as suggested
in different review works [2,8,13,39]. In conclusion, the results obtained in this study
provide some preliminary indications that could be useful in designing patient-specific
intramedullary prostheses starting from CT images of an amputee patient.
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