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Abstract
Background: The present patient dissatisfaction with and high failure rates of total ankle replacement
(TAR) are likely due to current prosthesis designs, which are not patient-speci�c and anatomy-based,
leading to unphysiological motion at the replaced joint. The design of customized prostheses is already
possible by means of medical imaging and additive manufacturing technology.

Methods: In this study, dome and geometric �xtures of custom-made talar components for TAR were
designed, and we investigated two kinds of talar components: 2-surface contact type (Type-1, without
lateral articular facet) and 3-surface contact type (Type-2, with lateral articular facet). The effects of the
above two prostheses on the loading stress of the prosthesis contact surface were comparatively
analysed with three-dimensional �nite element models.

Results: The maximum and average von Mises stress values of the 3-surface prosthesis were smaller
than those of the 2-surface prosthesis. In terms of contact surface pressure, the maximum and average
values of the 3-surface prosthesis are almost equal to those of the 2- surface type. In terms of the
tangential slip distribution of the contact surface, the maximum and average values of the 3-surface
prosthesis were smaller than those of the 2-surface prosthesis.

Conclusions: The custom-made talar component of the total ankle replacement implant reproduced the
anatomical morphology of the natural articular surfaces well. The 3-surface contact type prosthesis with
lateral articular facet, compared to the 2-surface contact type without lateral articular facet, offers better
static stability by affecting the internal and external forces.

Background
Total ankle replacement (TAR) was �rst introduced in the 1970s[1]. Despite continuous improvements in
the past half century, the survivorship rate of TAR implants still lags behind that of total hip or knee
replacements[2, 3]. The design of modern TAR implants, especially that of the talar component, still fails
to meet the complex biomechanics and kinematics of ankle joints[4]. The Salto Talaris is a precision
�xed-bearing design based on the Salto mobile-bearing ankle prosthesis in Europe, which has been in use
since 1997[5–7]. The anatomic design of the talar component reproduces normal ankle kinematics
without overstressing the deltoid ligaments. A central peg is also incorporated for stabilization[8]. An
independent series showed an estimated 87% 5-year survivorship, but failures and patient dissatisfaction
continue to be reported[6, 9, 10]. Failures are mainly due to a mismatch with the original joint because
prosthesis geometries are produced in a limited number of sizes and shapes[11].

Currently, the design of customized prostheses is already possible by means of medical imaging and
additive manufacturing (AM) technology, also known as 3D printing (3DP) [11, 12]. The lateral talus was
resurfaced in the Salto TAR prosthesis, but the medial facet was not. However, other TAR systems, such
as INBONE (Wright Medical Group), Trabecular Metal Total Ankle (Zimmer Biomet), VANTAGE (Exactech)
and Cadence (Integra Life-Sciences), commonly used in the United States[8], only need to resurface the
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top of the talus. The purpose of the present study was to investigate the difference in the custom-made
talar component of TAR implants with or without lateral articular facets by �nite element analysis (FEA).

Materials And Methods
1. Establishment of the three-dimensional (3D) model

1.1 Establishment of the talar 3D model

A healthy male volunteer was selected who was 37 years old and had a height of 170 cm and a body
weight of 65 kg; foot tumour, deformation and other lesions were excluded. The left foot and ankle scan
was obtained from a cone-beam CT (CBCT) scan using a PedCAT scanner (Curvebeam, USA), and the 3D
reconstruction of different parts was completed with Mimics software. Triangular mesh models of the
talus were reconstructed using a visualization software package (Mimics 19.0 Materialise, Leuven,
Belgium). A triangular meshed model was imported into reverse engineering software (Geomagic studio
10.0, Geomagic, Research Triangle Park, NC), and the triangle mesh surface was translated into the
NURBS surface. Then, a solid model of the left talus was obtained, as shown in Fig. 1.

1.2 Establishment of 3D model of custom-made talar component

The talar 3D model was imported into Pro/Engineer software. The custom-made talar component for TAR
was designed based on the talar 3D model. In reference to the design of the central peg of the talar
component of the Salto Talaris total ankle prosthesis, two pins were designed in the posterior body of the
prosthesis. The two pins were arranged in an isosceles triangle with the central peg.

2. Experimental Grouping and FEA

2.1 3D modelling and designing

Referring to the osteotomy concept of the TAR prosthesis and whether to perform osteotomy on the
lateral articular facet of the talus, two kinds of custom-made talar components were used for the TAR
implants: a 2-surface contact type (Type-1), as shown in Fig. 2, and a 3-surface contact type (Type-2), as
shown in Fig. 3. At the same time, two kinds of talus models after osteotomy matched the 2-surface
prosthesis (Fig. 4A) and the 3-surface prosthesis (Fig. 4B).

2.2 Model assembly

Taking Type-1 as an example, the details of the prosthesis and bone installation are shown in Fig. 5. With
3D CAD software (SolidWorks), the front contact surface and the back contact surface of the talus were
assembled with the corresponding parts of the prosthesis, as shown in Fig. 6. The method used to set a
Type-2 assembly was similar.

2.3 Mesh
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Taking the 3-surface prosthesis and talus as an example, the 2-surface types were similar (Fig. 7 and Fig.
8). The assembled solid model was imported into HyperMesh 14.0, and the mesh cell size was set at the
edge of the contact area as the front contact surface (Area A) divided by the mesh unit size of 0.1; the
main contact area was set as the back contact surface (Area B) divided by the mesh unit size of 0.6; the
non-contact area was set as the lateral contact surface (Area C) divided by the mesh unit size of 1.0. The
mesh information of the two modelling groups is shown in Table 1 and Table 2. The mesh assembly of
the models was obtained as shown in Fig. 9.

2.4 Material properties and Interactions

HyperMesh 14.0 was used to import the mesh model into the �nite element software Abaqus 6.13(Hibbitt,
Karlsson & Sorenson, Inc., Providence, RI, USA); the properties were set to be isotropic, and Young's
modulus and Poisson's ratio are shown in Table 3. Each contact surface was set as normal hard contact
with no friction and tangential contact with friction. To ensure the static balance of loads, the friction
coe�cient of this model was set to 0.5. According to the requirements of the surgical installation, the
main �xed connection parts (cylinder and pins) were set as TIE constraints. Then, there were two pairs of
contacts and three TIE pairs for a 2-surface model and three pairs of contacts and three TIE pairs for a 3-
surface model.

2.5 Boundary conditions and load

Fixing the lower surface of the talus means locking 3 translational degrees of freedom and 3 rotational
degrees of freedom. According to the extended position of the contact force of the talus and tibia, this
position is set as the application position of the contact resultant force point (Fig. 10), i.e., the reference
point (RP). Then, the coupling method is used to constrain the reference point RP to the upper surface of
the CoCrMo prosthesis. The contact force of the ankle joint in the main direction (axial), anterior-posterior
direction, and medial-lateral direction under a complete gait was shown[13]. The typical load time point,
i.e., contact forces of 0.48 and 0.5, were selected on the transverse axis as the load (Fig. 11). Based on a
body weight of 65 kg, the corresponding Newtonian force is obtained. Typical contact forces in the three
directions are shown in Table 4 (Unit: BW, bodyweight) and Table 5 (Unit: N). The material of the
prosthesis is calculated with an elastic modulus of 220 GPa under two types and two loads.

Results
1 Von Mises stress

The maximum and the average von Mises stress of the prosthesis contact surface were calculated and
are shown in Table 6 and Figs. 12-13. Under Load 1 or Load 2, the maximum and average values of von
Mises stress of Type-2 were lower than those of Type-1.

2 Contact surface pressure (CPRESS)
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The maximum and average CPRESS of the prosthesis contact surface were calculated and are shown in
Tables 7-9 and Figs. 14-16. Under Load 1, both the maximum and average values of the CPRESS of Type
2 were slightly higher than those of Type 1. Under load 2, the maximum CPRESS of Type-2 was slightly
higher than that of Type-1, and the average CPRESS of Type-2 was lower than that of Type-1. In detail,
under Load 1, the maximum CPRESS of P1 of Type-2 was slightly higher than that of Type-1, and the
average value was lower than that of Type-1. The maximum and average values of the CPRESS on the P2
surface of Type-2 were slightly higher than those of Type-1. Under Load 2, the maximum CPRESS of the
P1 surface of Type-2 was slightly higher than that of Type-1, and the average value was lower than that
of Type-1. The maximum and average values of the CPRESS on the P2 surface of Type-2 were higher
than those of Type-1.

3 Tangential slip distribution of the contact surface (CSLIP)

The CSLIPs of Type-1 and Type-2 under Load 1 and Load 2 were calculated and are shown in Tables 10-
12 and Figs. 17-19. Under Load 1 or Load 2, the tangential slip components (CSLIP1 and CSLIP2) of the
contact surface were calculated by the model, which were combined according to the formula to obtain
the CSLIP. To obtain the overall CSLIP cloud map, Python language is used to merge the data of P1, P2,
and P3 into an ODB �le.

In general, under Loads 1 and 2, both the maximum and average values of CSLIP of the contact surface
of the 3-surface prosthesis were greater than that of Type-1. In detail, under Load 1, the maximum and
average values of CSLIP on the P1 and P2 surfaces of Type-2 were smaller than those of Type-1. The
results show that the CSLIP of contact surfaces P1 and P2 decreased when there was a medial-lateral
load, which proves that the P3 surface supports the lateral force. Under Load 2, the maximum and
average values of CSLIP on the P1 surface of Type-2 were smaller than those of Type-1. The maximum
and average values of CSLIP on the contact surface of P2 were larger than those of the two sides. The
CSLIP of the P3 contact surface was larger than that of the other surfaces.

4 Mesh sensitivity analysis

The model used in this report has been tested for mesh sensitivity; thus, the results are true and effective.

Discussion
The kinematic properties of the ankle are the result of the geometric features of the articulating surfaces
of the trochlea and the tibial mortise[14]. Researchers have shown that currently available TAR implants,
especially the designs of talar components, fail to restore physiologic ankle mobility[15–17]. Selective
laser melting (SLM) is a new additive manufacturing (AM) technology that can be used for fabricating
complex metallic products[18]. AM or 3DP can enable careful personalization of prosthesis design for
human joints according to the speci�c morphology of each ankle joint[12].
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Lateral articular facets were designed in the talar component of the Salto TAR prosthesis, and lateral and
medial articular facets were designed in Scandinavian Total Ankle Replacement (STAR)[19]. None of the
lateral or medial articular facets were designed in the INBONE system, VANTAGE or Cadence [8, 20–22]
prostheses. The results herein indicate show that the increased contact surface of the 3-surface
prosthesis mainly affects the internal and external forces. Under Load 1, there was a large load
component in the medial-lateral direction. Both the maximum and the average values of the Von Mises
stress of the 3-surface prosthesis were smaller than those of the 2-surface prosthesis. The average
CPRSS of P1 was smaller than that of the 2-surface type, and the average CPRSS of P2 was greater than
that of the 2-surface type. The CSLIP of the 3-surface prosthesis on the P1 and P2 surfaces was smaller
than that of the 2-surface prosthesis. Similarly, under Load 2, there was no load in the medial-lateral
direction. The maximum and average values of von Mises stress of the 3-surface prosthesis were smaller
than those of the 2-surface prosthesis.

Therefore, based on the obtained results, it can be observed that the 3-surface prosthesis has better static
stability than the 2-surface prosthesis. At the same time, the CSLIP of the lateral articular facet was larger
than that of other surfaces, especially at the farthest point part. On the other hand, the increased
osteotomy will affect the talar blood supply and damage the ligaments around the talus, increasing
surgical di�culty. When the prosthesis is designed, short and wide lateral articular facets may improve
the stability of the prosthesis and avoid stress concentration.

Conclusions
The custom-made talar component of the total ankle replacement implant reproduced the anatomical
morphology of the natural articular surfaces well. The results obtained in this study suggest that the 3-
surface contact type prosthesis with lateral articular facet, compared to the 2-surface contact type
without lateral articular facet, has better static stability by affecting the internal and external forces.
Whether this will improve the survivorship rate of TAR implants is still subject to future biological and
clinical research.

Abbreviations
TAR, total ankle replacement; AM, additive manufacturing; 3D, three-dimensional; 3DP, 3D-Printing; FEA,
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distribution of contact surface; SLM, selective laser melting.
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Tables
Table 1. Mesh parameters of 2-surface prosthesis and talus

Part Mesh mode Element Type Element size Total number of elements Total number of nodes

Talus Global C3D4 0.1/0.6/1.0 196876 42137

Prosthesis Global C3D4 0.1/0.6/1.0 107397 24830

Table 2. Mesh parameters of 3-surface prosthesis and talus

Part Mesh mode Element Type Element size Total number of elements Total number of nodes

Talus Global C3D4 0.1/0.6/1.0 223492 48002

Prosthesis Global C3D4 0.1/0.6/1.0 148714 33409

Table 3. Material properties

Material Young's modulus Poisson's ratio

Bone 8370MPa 0.3

CoCrMo 1. Entity, 220GPa.   
2.Porosity. 60%. 26.6GPa

0.3
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Table 4. Typical contact forces in the three directions (bodyweight, BW)

time M-L load(X)  A-P load(Y) Axial Load(Z)

Load 1 0.48 -0.8 0.8 -5

Load 2 0.5 0 2.2 -5.2

Table 5. Contact forces in the three directions (Newton, N)

time M-L load(X)  A-P load(Y) Axial Load(Z)

Load 1 0.48 -509.6 509.6 -3185

Load 2 0.5 0 1401.4 -3312.4

Table 6. Von Mises stress of prosthesis under Load 1 and Load 2 (MPa)

Load 1 Load 2
Maximum von Mises stress Average von Mises stress Maximum von 

Mises stress
Average von 
Mises stress

Type-1 120.48  15.80  166.81  23.95 
Type-2 68.11  10.00  117.92  18.71 

Table 7. CPRESS of the prosthesis under Load 1 and Load 2 (MPa)

Load 1 Load 2
Maximum Average Maximum Average

Type-1 42.81  3.61  66.43  4.22 
Type-2 47.63  3.69  78.17  3.81 

Table 8. CPRESS of each contact surface under Load 1 (MPa)

P1 P2 P3
Maximum Average Maximum Average Maximum Average

Type-1 42.81  5.15  29.40  2.30  - -
Type-2 47.63  4.32  35.99  2.78  36.33  4.21 
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Table 9. CPRESS of each contact surface under Load 2 (MPa)

P1 P2 P3
Maximum Average Maximum Average Maximum Average

Type-1 66.43  8.34  3.55  0.68  - -
Type-2 78.17  8.05  6.46  1.20  21.17  2.66 

Table 10. CSLIP under Load 1 and Load 2 (mm)

Load 1 Load 2
Maximum Average Maximum Average

Type-1 1.89E-03 6.66E-04 2.84E-03 8.09E-04
Type-2 4.99E-03 9.62E-04 8.44E-03 1.70E-03

Table 11. CSLIP of each contact surface under Load 1(mm)

P1 P2 P3
Maximum Average Maximum Average Maximum Average

Type-1 8.68E-04 3.79E-04 1.89E-03 9.20E-04 - -
Type-2 4.48E-04 2.13E-04 1.21E-03 7.23E-04 4.99E-03 2.08E-03

Table 12. CSLIP of each contact surface under Load 2

P1 P2 P3
Maximum Average Maximum Average Maximum Average

Type-1 9.13E-04 3.54E-04 2.84E-03 1.21E-03 - -
Type-2 6.67E-04 3.31E-04 3.23E-03 1.26E-03 8.44E-03 3.72E-03

Figures
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Figure 1

Solid model of the complete left talus

Figure 2

2-surface custom-made talar component(Type-1)
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Figure 3

3-surface custom-made talar component(Type-2)

Figure 4

Talus model after osteotomy matching with the prosthesis(A. Type-1; B. Type-2)
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Figure 5

The contact surfaces of the talus and prosthesis.( A. front contact surface; B. back contact surface; C.
main �xed connection part; D. back �xed connection part)
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Figure 6

Assembly of prosthesis and talus
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Figure 7

Mesh density partition of prosthesis

Figure 8

Mesh density partition of the talus
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Figure 9

Meshed assembly of the models(A. Type-1; B. Type-2)

Figure 10

Boundary conditions(A) and load point set(B)
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Figure 11

Different force components acting on ankle joint during gait

Figure 12

Stress distribution of the Type-1 (A. Load 1; B. Load 2)
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Figure 13

Stress distribution of the Type-2(A. Load 1; B. Load 2

Figure 14

CPRESS distribution on the contact surface of Type-1(A. Load 1; B. Load 2)

Figure 15

CPRESS distribution on the contact surface of Type-2(A. Load 1; B. Load 2)



Page 20/21

Figure 16

Contact surfaces of the prostheses(P1: Area A; P2: Area B; P3: Area C)

Figure 17

Contact surfaces of talus osteotomy
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Figure 18

CSLIP of Type-1 under Load (A. Load 1; B. Load2)

Figure 19

CSLIP of Type-1 under Load (A. Load 1; B. Load2)


