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Abstract

status was improved, limb shortening was minimized.

New technologies in additive manufacturing and patient-specific CT-based custom implant designs make it
possible for previously unimaginable salvage and limb-sparing operations a practical reality. This study presents the
design and fabrication of a lattice-structured implant for talus replacement surgery. Our primary case involved a
young adult patient who had sustained severe damage to the talus, resulting in avascular necrosis and subsequent
bone collapse. This condition caused persistent and debilitating pain, leading the medical team to consider
amputation of the left foot at the ankle level as a last resort. Instead, we proposed a TibAl4V-based patient-specific
implant with lattice structure specifically designed for pan-talar fusion. Finite element simulation is conducted to
estimate its performance. To ensure its mechanical integrity, uniaxial compression experiments were conducted.
The implant was produced using selective laser melting technology, which allowed for precise and accurate
construction of the unique lattice structure. The patient underwent regular monitoring for a period of 24 months.
At 2-years follow-up the patient successfully returned to activities without complication. The patient’s functional
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Introduction

Today, numerous biomedical applications employ per-
sonalized products, such as prosthetics and implants
that replace injured limbs or bones, whether partially or
completely [1, 2]. Patient-specific metallic orthopedic
implants manufactured using additive manufacturing
(AM) have garnered significant attention due to their
accelerated bone regeneration effects [3, 4]. Importantly,
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AM enables the creation of implants with high geomet-
rical freedom, accuracy and precision using initial data
from medical images [5-7].

Recently, AM technology is used to produce metal-
and ceramic-based implants for total talar replacements
(TTR), which give promising outcomes at early-or mid-
term follow up reports [6, 8]. The complication rate is
still high at long-term follow-up [6]. Reports mainly
addressed TTR with smooth metallic or ceramic implan-
tation, which give promising outcomes in early- and mid-
term follow-up [9, 10]. However, high complication rates
are registered in long term follow-up [11, 12]. Morita et
al. showed long-term results after using alumina ceramic
based implants [13]. They achieved significant improve-
ment in pain and function. Similar implants were chosen
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by Katsui et al. [14]. After 12—84 months follow-up they
concluded that the alumina based custom whole -talus
implants are excellent for patients with comminuted talar
fractures. However, results are not good for open fracture
and bony defects. Alumina-based ceramic prostheses
indeed show promising results, but they are costly and
time-consuming to produce [6].

Abramson et al. reported about 8 patients who under-
went TTR using titanium based bulk implants with
smooth surface [11]. After the follow up period (range
12-49 months) the mean American Orthopedic Foot
and Ankle Society (AOFAS) score was 79.25 (range,
69-88). The patient with the longest duration of follow-
up showed radiological changes of tibial wear, although
he remained symptom free. Kadakia et al. reported about
27 patients at a follow-up range of 12—-43 months using
cobalt-chromium TTR implants [15]. There were three
complications. The outcome scoring using the Foot and
Ankle outcome score (FAOS) for the patient improved
significantly.

Dekker et al. used titanium cage for complex foot and
ankle limb salvage, deformity correction, and arthrod-
esis procedures [16]. They noticed bone incorporation
in 13 of 15 patients. Two patients had failure because of
infection and nonunion. The authors proposed that when
titanium implants are used, there is a risk of infection,
particularly in uncontrolled diabetic patients and smok-
ers. Abar et al. [17] reported about 39 cases with 12-74
months follow-up using 3D printed titanium cages. Thir-
teen cases required additional surgery, of which three
were because of failure of non-3D printed hardware,
ten implants were removed because of nonunion. Ram-
hamadany et al. used titanium cages for three patients
[18]. During follow-up period (range 24—48 months) no
postoperative complications were recorded. Each patient
progressed to satisfactory union with bridging trabeculae
and incorporation of bone into the cage structure by 1
year.

The aim of our work is to design and manufacturing of
a patient-specific orthopedic implant for talus replace-
ment with a lattice structure for treatment of defect
created because of the death and collapse of the talus
Avascular necrosis (AVN).

Lattice structures offer several advantages, including
stiffness fine-tuning, weight control through lightweight
design, osteoconductivity, and osteointegration [19-23].
Consequently, extensive efforts have been devoted to
understanding the properties of lattice structures and
their advantages or limitations for specific applications
[24-26].

The predominant metals used in implants have much
higher modulus and strength creating a stress-shielding
effect. For example, Ti-based alloys have Young’s modu-
lus and ultimate tensile strength of 105-125 GPa and
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758-1200 MPa, respectively. Creating a lattice structure
may reduce the effective modulus and help avoid stress-
shielding effects. At the same time, lattice structure pro-
vides additional benefits, i.e. weight reduction of the
implants. The main challenge of lattice structures is to
maintain mesh strength in all directions. Lattice struc-
tures can thus be very robust against compression but
break relatively easily when twisted.

Experimental

Design of the customized implants

Digital model of the implant is created based on imag-
ing data obtained from the damaged area. The commonly
employed techniques for capturing and imaging are “thin
slice” Computed Tomography (CT) or Magnetic Reso-
nance Imaging (MRI).

In order to generate Computer-Aided Design (CAD)
models for CT raw data, we used the Materialise Mim-
ics 22.0 imaging software. Volume rendering was done
followed by surface rendering (high resolution and pixel
value 200). The file was then exported to STL format,
in order to compare CT-data with 3D surface scan data.
(Fig. 1)

After creating the implant model, a finite element sim-
ulation is conducted to estimate its performance. COM-
SOL Multiphasic software package was used for Finite
Element Method (FEM) simulation. The implant model
was imported into COMSOL Multiphysics software, and
a solid object with defined material properties was gener-
ated. A linear elastic material model was assigned to the
mesh material, with Young’s modulus and Poisson’s ratio
values obtained from the software database. The size
of mesh and number of degrees of freedom, as well as,
parameters of mesh, boundary conditions, boundary and
loading conditions is detailed in Additional file 1.

The simulation results serve as a basis for fine-tuning
and optimizing the model to meet specific requirements.
Figure 1 (c-d) depicts the implant model based on CT
data for talus replacement.

To evaluate the mechanical behavior of the mesh struc-
ture, a numerical simulation was performed using COM-
SOL Multiphysics software (version 5.0, COMSOL Inc.,
Burlington, MA, USA). The software’s capabilities in
finite element analysis were utilized to model and simu-
late the mesh structure under various loading conditions.

The mesh geometry was imported into COMSOL
Multiphysics, and a three-dimensional model was cre-
ated. The mesh structure was considered a solid object
with defined material properties. A linear elastic material
model was assigned to the mesh material. Young’s modu-
lus and Poisson’s ratio values was obtained from the soft-
ware database.
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Fig. 1 (a-b) Model of the bone, (c-d) model of the implant. CT data was used to generate the CAD model of the bone. The implant model was created

to fill the void of the bone defect

The simulation involved application of mechanical
loads to the mesh structure to analyze its deformation
and stress distribution. Boundary conditions, including
fixed supports and applied loads, were defined based on
the experimental setup. The simulation was performed
using a stationary solver with appropriate settings to
accurately capture the mesh’s response.

The mesh structure was discretized using a suitable
meshing technique provided by the software. A combina-
tion of tetrahedral and other element types was employed
to accurately represent the geometry and capture the
behavior of the mesh structure.

It is important to note that the simulations were con-
ducted under idealized conditions, assuming linear elas-
tic behavior and neglecting potential non-linear effects.
The simulations served as a complementary tool to the
experimental investigation, providing insights into the
mesh structure’s mechanical response and aiding in the
interpretation of the experimental findings.

Compressive testing

Compressive testing of the specimens was conducted
using an Instron 5100 Universal Testing Machine
(Instron Corporation, Norwood, MA, USA). The sam-
ples were subjected to a constant loading rate of 5 mm/
min, which was applied using the crosshead displacement
control mode of the Instron 5100 machine. This loading
rate was selected based on prior research to ensure a con-
sistent and controlled deformation rate across all tested
specimens [27]. Two types of geometry were explored,
(i) cubic and (ii) cylindrical structure to ensure reliability.
The cubic samples were 19X19%x19 mm in size while the
cylindrical samples were 18 mm in diameter and 27 mm
in height. Applied force was up to 5100 N to estimate
the cracking onset [27]. Using high load, it was possible
to estimate the points of critical failures and crack gen-
eration. Thus, in some samples a high load was applied
aiming to monitor the crack formation and propagation
process.

The compressive testing was conducted until the
desired strain or a predefined endpoint was reached. The
force-displacement data were continuously recorded by
the Instron Bluehill® software. To ensure the repeatability
and reliability of the experimental results, a minimum of
three replicate tests were performed for each specimen
configuration.

Additive manufacturing

Gas atomized Ti-6Al-4 V Grade 23 (AP&C, Canada)
powder with a particle size of 15-45 pm was used. The
samples and talus implants were fabricated using Con-
cept Laser M2 machine, at a scanning speed of 900 mm/s,
laser power of 80 W, spot size of 50 um, layer thickness
of 25 um. Layers were scanned by continuous laser in
stripped pattern, which was rotated 60° between each
layer. Argon was employed as a protective gas, and the
oxygen content was kept below 0.05% during the manu-
facturing process. The platform pre-heating temperature
was maintained at 200 °C.

All samples and the talus implant were annealed at 750
°C for 4 h, at heating rate of 5 °/min in a furnace under
argon atmosphere, then were gradually cooled to room
temperature. The samples were cleaned in bath ultra-
sound in ethyl alcohol.

Results and discussion

The structure design, simulation and mechanical testing
The mesh structure of the talus implant was designed
using periodically repeated unit cells. Numerous mesh
structures have been studied and verified in the litera-
ture, demonstrating that the structure, shape, and unit
cell size significantly contribute to the mechanical perfor-
mance of customized implants [28, 29]. Considering the
specific requirements for the talus implant, such as low
weight, sufficient load-bearing capacity (approximately
100 kg), and large cell size to accommodate a bone graft,
the unit cell size was set to be 10 mm.
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In this study, we considered two different unit cell
structures for the talus implant: (i) the “rotating cross”
structure (Fig. 2), (ii) the “rhombic dodecahedron” struc-
ture (Fig. 3). The relative density of all unit cells was set
to 30%.

To assess the performance of this lattice structure, a
load of 100 kg (approximately 980 N) was applied, rep-
resenting the weight of a patient. Considering the surface
area of the talus (approximately 0.002 m®) and load dis-
tribution between both feet, the load applied to the mesh
structure for talus loading was approximately 73.5 kN/
m’.

Simulation results indicated that for “Rotating Cross”
lattice structure stress concentration occurred when
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the load was applied in directions other than the nor-
mal direction (Fig. 2). Stress reached up to 25 MPa at
the edges of the nodes where struts are connected, while
normal loading resulted in stresses less than 2.8 MPa. It
means shearing or twisting (e.g., loading at 45°) may lead
to a fatal outcome. For the “Rhombic Dodecahedron” lat-
tice structure, the loading direction has minimal effect
(Fig. 3).

To verify the lattice structure’s tolerance to mechani-
cal loading, samples were tested in a universal test-
ing machine. In Fig. 4 the applied force vs. strain (blue
curve) and generated stress vs. strain (orange curve) are
depicted for the “Rotating Cross” sample with a size of
19%19x19 mm. As Fig. 4 clearly shows the sample was
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Fig. 2 Simulated results for the “Rotating Cross” lattice structure. The figure illustrates overall view of the 45° loaded samples (a), where stress reached to
25 MPa at the edges of nodes (b). The overall view of the samples loaded in the normal direction (c) shows that stress reaches to 2.28 MPa at the struts (d)
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Fig. 3 Simulated results for the “"Rhombic Dodecahedron’ lattice structure. The figure illustrated overall view of the samples loaded in the normal direc-
tion (a), where stress reached to 10.1 MPa at nodes where struts are connected (b)
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Fig. 4 Stress-strain curve and loading path for a cubic sample with the “Rotating Cross” structure. The blue curve illustrates applied force vs. strain, while

orange curve shows the generated stress vs. strain

compressed up to 3.5% without fracture; however, plas-
tic deformation occurred around 0.7-1.5%, indicated by a
distinct transition zone in the stress-strain curve.

After three cycles of loading and unloading, the sam-
ples failed (Fig. 4). The failure may be attributed to the
small rod dimensions during the printing process and
stress concentrations at the strut connections.

In conclusion, even though the stress is well below the
yield point of the Ti alloy, the sample failed to pass the
fatigue test. This may be related to both poor printing
processes due to small rod dimensions and stress concen-
trations at the strut connections. Both factors are impor-
tant, hence we need to evaluate which one has the greater
impact.

Figure 5 shows the SS curves and load hysteresis for a
“rhombic dodecahedron” lattice (Fig. 5a) and dynami-
cally loaded and unloaded sample response (Fig. 5b).
Mechanical testing of the “Rhombic Dodecahedron” lat-
tice structure demonstrated that the samples passed all
tests without failures (Figs. 5 and 6). The hysteresis curve
showed minimal energy dissipation, indicating that the
sample withstood the load without undergoing mechani-
cal changes.

The samples were then loaded at 5100 N and held for
1 h. After this loading cycle, the sample was dynamically
cycled again, but the load was held relatively long.

As shown in Fig. 6, this multiple-loaded sample under-
goes stress relaxation as the second cycle begins. A stress
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Fig. 5 SS curve and loading—unloading path for the cubic sample with “rhombic dodecahedron” structure. The samples withstand stress of 14MPa (a),

and the cycled loading-unloading of load of 5100 N
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Fig. 6 Long-term loading — unloading path of “rhombic dodecahedron” cubic sample and hysteresis curve. Long-term loading — unloading path shows
stress relaxation (a), which is evident in hysteresis of loading-unloading curve (b)

Fig. 7 Actual 3D printed lattice structure; (a) the view, and (b) its
microstructure

of about 0.64 MPa was estimated to be released in 200 s.
This change can be seen in the hysteresis curve where the
unloading curve deviates from the load path.

These changes indicate that there have been specific
changes to the sample. Further loading destroyed the
sample (Fig. 6).

The modification of the lattice structure improved the
mechanical performance, but the sample has not yet been

qualified for use as an implant due to the risk of failure.
The extreme load used in testing (5100 N) accelerated the
failure and helped monitoring its mechanisms within a
measurable time frame.

Further optimization was done by increasing the nodal
diameter. Figure 7 shows the “rhombic dodecahedron”
lattice structures with strut sizes of 2.5 mm. Both struc-
tures exhibit well-formed struts and none visible defects,
unlike the thin node cases.

Figure 8a shows the SS curve of the “rhombic dodeca-
hedron” sample loaded up to 5100 N. After loading,
samples were held for 40 min and then dynamically
loaded (Fig. 8b). Mechanical testing of the samples with
increased strut sizes showed that they passed all tests
without failures. This indicates that “rhombic dodecahe-
dron” structures with strut sizes greater than 1.9 mm can
be considered for implant design.

To explore the shear loading response, a 45° shear
stress was applied to the samples. According to the
results, the “rhombic dodecahedron” withstood all loads
and no damage was found. This led to the conclusion that
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the optimal structure of the talus might be the “rhombic
dodecahedron”

Case description and treatment plan

The patient was a 41-year-old male surgeon who sus-
tained a traumatic fracture dislocation of his left talus
in 2016 in a car accident. He is a smoker and overweight
with no other known medical comorbidities.

His initial treatment consisted of open reduction and
internal fixation (ORIF) with screw fixation within 24 h,
which failed to heal. This led to the removal of the screws
a year post-surgery, and the nailing the ankle from the
calcaneus up which ended with an established AVN of
the talus.

In 2018, an attempt was made to fuse the ankle joint
by a calcaneal-tibial locked nailing. In 2019, with no
fusion visible on X-rays and with pain, he had drilling of
the talus and tibia plus distal dynamization of the rod by
removing the calcaneus screws.

This did not lead to fusion. There was increasing and
disabling pain, a stiff ankle and subtalar joint with defor-
mity in the midfoot. Advice was given to obtain a Syme
amputation. He refused that option and sought advice on
a salvage procedure.

His surgeon consulted us for a foot-sparing solution
to rid the patient of pain and allow ambulation without
crutches. The plan was not to gain ankle motion but to
ambulate without pain retaining his foot. The solution of
a pan-talar fusion with triple arthrodesis was proposed
and accepted by the patient. The patient was counseled
on smoking cessation before his proposed surgical treat-
ment, and for at least a year post-op to allow for the
prosthetic 3-D printed implant to incorporate with the
adjacent bones.

The staged approach was to first remove the locked nail
that failed to fuse the ankle joint. This would be followed
by implanting an antibiotic cement spacer, taking gap
measurements of this stiff multiply operated ankle/foot.

“Neo Talus” implant design and implantation

The “Neo Talus” implant had to achieve not only ankle
fusion, but also solid fixation with the tibia without sub-
luxation or extrusion of the implant, fuse the subtalar
joint and make sure there would not be a talo-navicular
pain or subluxation with time. The design of the “neo
talus” needed to have plates to the distal tibia — anteriorly
and medially — and areas in its design to accommodate 2
screws fixation to each the calcaneus and the navicular.
Additionally, a separate lateral plate would span from the
tibia after resecting the distal fibula, cross-lateral to the
“neo talus” and get affixed to the calcaneus.

In Fig. 9, AM manufactured customized implant was
implanted into the excised talus space after the removal
of the antibiotic cement spacer. The implant was filled
with morselized bone graft obtained from the resected
distal fibula (Fig. 9). The wounds were closed, and the leg
and foot were immobilized in cast for a total of 6 weeks.

At 6 weeks post-op, he was transferred to a plastic
molded ankle-foot orthosis (AFO) continuing non-
weight bearing for 3 months. Partial weight-bearing was
started, and by 5 months he was fully weight-bearing and
walking with the AFO on it and no pain.

Figure 10 shows CT images of the patient’s ankle 14
months after surgery. It shows the designed implant per-
fectly fits the bony defect area. He remained painless,
walking without canes or crutches at his last follow-up at
2 years post-op.

We have good early results and a happy patient who is
back to working as a surgeon using both hands, standing,
and walking without the need for crutches.

We are cognizant that it is still too early to apply this
approach to every case of AVN of the talus, and that
there may be other ways to treat them. But in case of fail-
ures or more complicated deformed ankles and hindfeet,
our solution seems to have addressed this patient’s need,
returning him early to gainful employment in his profes-
sion as a surgeon.
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Fig. 10 CT scans performed after 14 months: The implant is well aligned and in a good position (a) front view, (b) side view

Discussion

A challenge in using metallic materials for implant fab-
rication is the difference in stiffness between the metal
and bone. This difference causes stress shielding, where
the mechanical protection of the bone results in its weak-
ening and degradation, leading to implant failure [30]. To
avoid stress shielding, porous or latice structured metal
materials were proposed and successfully utilized. These

materials allow for fine-tuning of the topological configu-
ration and relative density to adjust both the mechanical
properties and biological functions [31-33].

Dekker et al. [16] used lattice structured 3D printed
implant. They observed bone incorporation in 13 out
of 15 patients, with no evidence of stress shielding or
implant failure. Moreover, they resulted in significant
improvements in functional outcome scores and a high
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overall rate of patient satisfaction. The group extended
their study including 39 cases [17]. Ten of 3D printed
implants were removed because of nonunion. In the
removed implants the authors noticed extensive osteo-
integration. Ramhamadany et al. [18] proposed that
3D-printed lattice structured titanium implants have
roughened surface which promote bone ingrowth and
could prevent infection. Extensive studies have reported
that a micro-/nanostructured material surface has a key
role on cellular response including cell adhesion, exten-
sion, proliferation, and differentiation [34—36]. Generally,
macropores ranging from 100 to 1000 pm facilitates the
ingrowth of bone tissue and blood vessels, and intercon-
nected pores ranging from 10 to 100 um are beneficial for
nutrient transport. Micropores less than 10 pum promotes
protein adsorption and cell attachment [37, 38].

As addressed above, successful implantation and bone
regeneration is strongly depended on several factors
including shape, size, composition, etc. Therefore, in the
lattice implant design, biocompatibility considerations
and surface morphology all contribute to the overall suc-
cess of implantation and bone regeneration. All these
factors were incorporated into the implant’s design and
fabrication process to ensure both mechanical stability
and biological integration.

Conclusion

A mesh structure of the implant was proposed and
designed to reduce the weight of the implant and pro-
mote osteoconductivity.

“Rotating cross” and “Rhombic Dodecahedron” unit
cells were selected to evaluate the mechanical reliability.
The simulations showed that the principal stresses are
concentrated at the connections of the struts. Although
the stress was less than the yield strength of the struc-
tural alloy, it was estimated that the specimen could
fail mechanically under dynamic loading. Increasing
the strut thickness to over 1.9 mm provided a reliable
structure capable of passing all tests including static and
dynamic loads.

The best-estimated structure was the “rhombic dodeca-
hedron” structure, which was able to withstand both nor-
mal and shear loads.

After pre-operational preparation and the successful
operation, the implant was successfully integrated with
the bone and after 14 months the X-ray image showed
bone ingrowth into a mesh structure.
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