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a b s t r a c t

The advent of newmanufacturing technologies such as additive manufacturing deeply impacts the approach for
the design ofmedical devices. It is nowpossible to design custom-made implants based onmedical imaging,with
complex anatomic shape, and to manufacture them.
In this study, two geometrical configurations of implant devices are studied, standard and anatomical. The com-
parison highlights the drawbacks of the standard configuration, which requires specific forming by plastic strain
in order to be adapted to the patient's morphology and induces stress field in bones without mechanical load in
the implant.
The influence of low elasticmodulus of thematerials on stress distribution is investigated. Two biocompatible al-
loys having the ability to be usedwith SLM additivemanufacturing are considered, commercial Ti-6Al-4V and Ti-
26Nb. It is shown that beyond the geometrical aspect,mechanical compatibility between implants and bones can
be significantly improved with the modulus of Ti-26Nb implants compared with the Ti-6Al-4V.

1. Introduction

Titanium-based alloys are widely used in the medical field for stan-
dardized implants manufacturing [1,2]. They exhibit several advan-
tages: pure titanium cp-Ti and titanium alloy Ti-6Al-4V have
remarkable osseointegration properties [3], excellent corrosion resis-
tance and biocompatibility [4]. Their availability allows their production
and sale on a large scale. Titanium devices are used formany type of im-
plants, such as hip endoprosthesis for structural support to replace defi-
cient bones [5], tibia and femur titanium nails [6,7].

However, standard titanium implants have limitations. One of the
most important constraints and reasons for failure is that they are not
adapted to the morphology of every patient. In many cases, custom-
made (or anatomical) implants have shown excellent fit to the defect,
reduction of the rate of implant failure, and high patient satisfaction
[2,8,9]. Therefore, the recent developments of additive manufacturing
with titanium-based alloys have significantly facilitated the fabrication
of these kinds of implants [10,11]. This type of customized solution
can be applied to a large field of traumas, as cranio-facial for bone aug-
mentation devices [12], or mandible prosthesis [13]. Another example
of limitation of standard implants (non anatomical) is the plates used
to attach aesthetic epitheses on facial bones [14]. This specific case is
particularly widespread with traumas resulting from face cancers,

where the removal of an organ such as an eye, a nose or an ear is neces-
sary [15,16]. The facial reconstruction is composed of a metallic part
fixed on the bone with a screw, on which is attached an aesthetic
epithesis. The standardized metallic devices have to be adapted to the
morphology of the patient by the surgeon during surgery. These pieces
are shaped gradually by successive plastic deformations in order to em-
brace as best as possible the bone shape onwhich theywill befixed [17].
This step, named contouring, extends the duration of the operation and
the cumulative plasticity weakens the piece; it is requested to avoid it
[9]. Moreover, even after classical contouring on standard plates, the
shape of the implant cannot perfectly match the physiological topology
of the bone. This induces that the surgeon has to force to adapt the piece
on the bone before screwing the two parts together. Thus, without any
load condition on the implant, it is, once screwed, subject to stresses.

One other cause of implant failure is the mismatch in modulus of
elasticity between bone and implant. That induces stress-shielding ef-
fect [4,18]. It has already been demonstrated that the application of a
load on metallic rigid device implanted in a bone induces stress
shielding, resulting in unloading of some areas and overloading others
[19,20]. This phenomenon is all the more significant when the implant
is rigid, and titanium-based alloys such as Ti-6Al-4V exhibit a relatively
high Young'smodulus (110GPa) [21]. In the last few years, new beta-ti-
tanium alloys have been developed with the particularity to present an
elastic modulus notably inferior to that of Ti-6Al-4V. Indeed, after a spe-
cific thermo-mechanical treatment, Ti-XNb alloys reach a low young
modulus up to 30 GPa [22]. Implants made with this type of material
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have better mechanical stability, on the one hand by reducing the stress
shielding in the bone compared to a physiological situation, and on the
other hand by minimizing the stress gap between the implant and the
bone responsible formicromovements [23–25].Moreover, a lot of stud-
ies highlight the excellent biocompatibility of this type of materials, be-
yond cytotoxicity and corrosion tests [26–31]. In addition to all these
advantages, a key point is that Ti-XNb alloys are suitable to additive
manufacturing technology [32].

To investigate the implant-bone mechanical behavior, several ap-
proaches can be employed. In this work, finite elements method is
adopted.Manyfinite element studies have already beenproposed to ex-
plore bone-implant interface, revealing the benefits of the adapted
structure of implants [10], or the advantages of low Young's modulus
alloy [23]. The specific scope of dental field is particularly investigated
[33–35]. Some studies take into account some surgical aspects of im-
plants fixing by finite element methods [36,37]. However, few papers
take into considerations both effects of structural and material
optimization.

The aim of this study is to highlight the combined influence of low
elastic modulus (material) and anatomical shape (structure) on the

mechanical stability of an implant. In the first part of this work, we pro-
pose to describe the setting up of the finite element models composed
with three simplified parts (screw, bone and implant) used to respond
to the presented problem. At the same time, we will present the me-
chanical properties of the two materials Ti-6Al-4V and Ti-26Nb. In the
second part, results for quantifying the advantages of custom-made or
anatomical implants in comparison to the use of a standardized implant
are presented and commentated.

2. Materials and methods

2.1. Anatomical and standard implant finite element models

The study appreciates the benefits of an anatomical implant in Ti-
26Nbin observingwhat happened (i) when firstly a surgeon establishes
and screws an implant on the skull; (ii) when secondly a displacement
is applied on this implant. Thus two parameters are studied. The first
one is the global shape of the implant, considering an anatomical or a
standard implant. The second one is the stiffness of the material, de-
pending on whether the implant is made ofTi-6Al-4V or Ti-26Nb
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Fig. 1. Schematic representation of the study strategy.

Fig. 2. Geometrical characteristics of the considered entities: the screw (A), the bone part (B), the entire standard model (C) and the entire anatomical model (D).



biocompatible alloy. This induced two comparisons: anatomical Ti-6Al-
4Vversus standard Ti-6Al-4V, and anatomical Ti-6Al-4V versus anatom-
ical Ti-26Nb. Thus two main finite element models are considered
(standard and anatomical), with a possible changing material. A syn-
thetic diagram of the study strategy is presented in Fig. 1. The different
mechanical characteristics of the materials (Ti-6Al-4V, Ti-26Nb, cortical
bone) used in the models are presented in Section 2.2 Identification of
material properties.

2.1.1. Geometrical characteristics
Three entities are necessary to build themodels: a screw, a piece of a

skull and an implant. The screw and the bone parts are exactly the same
in the two finite element models.

Concerning the bone part, a simplified model is considered in order
to avoid parasite effects. Indeed, the important feature is the curvature
and the no-plate topography of the skull bone, so the bone is modeled
by a semi-cylinder. The dimensions are shown in Fig. 2.

The screw is composed of three areas, on the one hand the head, on
the other hand a threaded part in contact with the bone and a smooth
part in contact with the implant (the shank). The geometry characteris-
tics are presented in Fig. 2.

The difference between these two models is due to the geometry of
the perforated extremity of the implant. It is assumed that this portion is
deformed by the surgeon in the standard case when he sets the screw,
but not deformed in an anatomical case, because of the adapted shape
of the anatomical implant. To approach the real case, the central part
of the implant is fitted to the bone in both cases. It simulates the fact
that a surgeon firstly deforms the implant with pliers for maximal ad-
justment of the implant shape to the skull shape.

So in the anatomical model, the implant has exactly the same curva-
ture as the bone. And in the standardmodel, the extremitywith the hole
is linear and does not bond to the bone. In the two simulations, the im-
plant is 4 mmwide and 1 mm thick, as showed in Fig. 2.

2.1.2. Mesh
All parts were meshed with C3D10 tetrahedron elements with qua-

dratic interpolation, as illustrated in Fig. 3.
In order to define the size of the elements, a preliminary conver-

gence analysis was performed. The implant was meshed with a maxi-
mum size of 0.5 mm with a progressive decrease around the hole
down to 0.1 mm. The bone was also meshed with progressive
discretization from 1mmat the borders to 0.1mmaround the threaded
hole of the screw. The screwwas entirelymeshedwith 0.1mm sized el-
ements. The number of elements were respectively 44,711, 52,575,

62,365 and 70,763 for the standard implant, the anatomical implant,
the bone and the screw.

2.1.3. Interactions between components
The bone and the screw were merged together to simplify the con-

tact between them, because of the complexity of the threaded geome-
try. The merge operation has the advantage of still allowing the
assignation of different materials to different partitions and the contact
is assumed to be perfect.

A simple contact without friction for the other interactions was ap-
plied, namely between the inferior surface of the implant and the
bone, the internal surface of the implant's hole and the screw's shank,
and the superior surface of the implant and the screw's head. Previous
testswith various friction penalties (0.1 and 0.5)were carried out to jus-
tify the frictionless behavior, and it appears that the results are uniform
and identical regardless of the friction penalty. The different interaction
properties are summarized in Table 1.

2.1.4. Successive steps of the numerical models
Different geometries induce different model constructions, but it is

necessary to compare their performance. This justifies a similar loading
condition applied to each model from a geometrically similar situation.
Consequently, preliminary calculation steps are needed in the standard
case in order to implement this similar initial condition.

In the anatomical case, the surgeon just has to place the implant at
the surface of the bone and screw it without any deformation of the im-
plant. This is themain interest of an anatomic implant. The only loading
ever applied on themetallic implant is the daily positioning and remov-
al of the epithesis. The epithesis not being considered in the models,
these actions aremodeledwith a displacement imposed on the implant,

Fig. 3.Mesh representation of the considered parts of the two models: the screw (A), the bone part (B), the anatomical implant (C) and the standard implant (D).

Table 1
Interaction strategy between the different contact pairs of the finite element models,
namely bone-screw, implant-screw and implant-bone.

Interaction Bone-screw Implant-screw Implant-bone

Type Merge Contact without friction Contact without friction Fig. 4. Location of the pressure load in the standard finite element model, to induce
forming of the implant.



referred to as epithesis loading. Thus the simulation is only composed of
the final loading of the implant, the screw being placed at the beginning
of this study.

In the standard case, contrary to the anatomical case, it is not possi-
ble to place and directly screw the implant on the bone, because it sim-
ply does not fit. Therefore the surgeon deforms the implant when he
screws it, and forces it to adapt its shape to the bone, as explained pre-
viously. To simplify this stage, this first simulation is separated into sev-
eral steps:

– Application of a pressure at the top of the holed extremity of the im-
plant in order to deform it, shown in Fig. 4;

– Placing of the screw;
– Unloading of the pressure, which induces by elastic return a contact

between implant and head of screw; hence the device is considered
in the initial state for the application of the epithesis loading;

– Application of the epithesis loading.

The load is applied at the extremity of the implant and is equivalent
to a force of 195.2 N, which is the minimum force for a necessary defor-
mation of the implant for the placing of the screw.

2.1.5. Load and boundary conditions
Once the preliminary steps are achieved, similar loads and boundary

conditions can be applied. Boundary conditions are the same in the two
models. However the epithesis loading is slightly different, modeled
with a displacement applied to the implant.

First of all, the bone is always fixed through 3 surfaces.
The other condition, the epithesis loading, is applied on the inferior

extremity of the implant. The locations of these two conditions are pre-
sented in Fig. 5. It can be composed of 2 stages: firstly, the implant is
moved in the x axis direction until contact between the implant and
the screw's shank, in order to reduce the slack between the screw and

Fig. 5. Load applied and boundary conditions locations.

Table 2
Decomposition of the applied displacement according to the different models and the several successive steps.

Initiated displacement Shear displacement Total

Standard model 0.22 x! 0.1 x!; −0.1 y! 0.32 x!; −0.1 y!
Anatomical model 0.25 x! 0.1 x!; −0.1 y! 0.35 x!; −0.1 y!

Fig. 6. Stress-strain curves of the compression tests of the Ti-6Al-4V (solid curve) and Ti-26Nb (dotted curve), with two loading cycles of each alloy.



the implant. This first displacement is not exactly the same in the two
cases because of the previous plastic deformation of the implant in the
standardmodel. Indeed, the implant hole's border is not at the samedis-
tance from the screw shank in these models. When the contact is initi-
ated between the screw and the implant, another displacement which
is identical in each case, in x and y axis, is applied to pull on the screw.

The adopted displacement imposed for epithesis loading was select-
ed arbitrarily. Thus, the resulting values are not necessarily physiologi-
cal, but allow comparison between cases. They are recapitulated in
Table 2.

All the models were made with Abaqus 6.13 (Dassault), and all the
simulations were performed with nodes of 16 CPU. The calculation
times for a standard case and an anatomical case were respectively
5 h and 3 h.

2.2. Identification of material properties

In the present study, for the metallic parts (screw and implant),
two materials have been considered: Ti-6Al-4V and Ti-26Nb both
processed by Selective Laser Melting (SLM). Material properties
were obtained experimentally with uniaxial compression tests on
parallelepiped samples elaborated with a SLM280HL machine (SLM
Solutions). These characterization tests are required because there
are no compression curves of these alloys elaborated by SLM in
literature. The Fig. 6 shows that the Young's Modulus measured for
Ti-6Al-4V and for Ti-26Nb were respectively 110 GPa and 60 GPa.
Very close plastic behaviors can be observed between the two alloys.
Hence, for both materials, the same isotropic plastic behavior has
been adopted and only the Young's modulus was changed, in order
to focus on the stiffness influence. Thus a typical Ti-6Al-4V plastic be-
havior is adopted for both alloys [38].

For the modeling of the bone, cortical bone, an elastic modulus of
15 GPa was considered [39,40], neglecting cancellous bone. This choice
of definition was retained principally because in practice the screw
mainly penetrates the cortical bone. Moreover, it is well known that
the cortical bone stiffness is around 10 times greater than that of
cancellous bone [41]. The materials elastic properties are summed up
in Table 3.

Table 3
Mechanical elastic properties of the differentmaterials used for the finite
element models.

Materials Young's modulus (GPa)

Ti-6Al-4V 110
Ti-26Nb 60
Cortical bone 15

Fig. 7. Von Mises stress distribution in the standard case, after forming the implant, before the application of the displacement.

Fig. 8. Plastic equivalent strain in the implant, after its deformation, before the application of the displacement.



3. Results and discussion

Four kinds of results have been retained to compare the different
cases:

– The residual stresses in the bone in the standard case due to the de-
formation of the implant before the application of the solicitation;

– The general stress fields in different parts in the two models, espe-
cially the stress shielding in the bone;

– The shear stress field along the screw;
– The stress gap between the bone and the screwalong the interface of

the hole.

The symmetry plane, normal to the z axis, was chosen to observe the
different results, in order to have a global view in all parts of the field
outputs.

As mentioned in the previous section, the load applied to the sys-
tems has been chosen arbitrarily. Hence, the relative data highlighting
advantages of configurations compared to others are investigated.

3.1. Residual stresses in the bone in the standard model

In this section, the residual stresses in the bone due to contact pres-
sure of the forming of the implant are observed. Once the standard im-
plant is screwed on the bone, even before the solicitation is applied to
the model, an important stress field can be observed mostly in the
bone as illustrated in Fig. 7. In the anatomical framework, the implant
is already shaped to correspond to the bone's surface. Therefore this
type of implant does not need any preliminary deformation and the
bone is not solicited.

The Von Mises stress field in the bone and the plastic equivalent
strain in the implant are investigated, and presented in Figs.s 7 and 8.
After the deformation of this implant and the placing of the screw,
which retains its elastic return despite a plastic deformation, a high
level of Von Mises stresses can be observed in the skull part. Two
main areas are identified, where the stresses are concentrated and ex-
ceed 150 MPa. Firstly the bone is compressed by the implant on the
right side of the threaded hole. On the other hand, the relaxation of
the pressure on the extremity of the implant after the establishment
of the screw creates another resulting pressure on the inferior left side

Fig. 9. Comparison of the general stress fields of the standard model (left) and the anatomical model (right).

Fig. 10. Comparison of the general stress fields of the anatomical model with Ti-6Al-4 V (left) and Ti-26Nb (right).



of the screw's head. This resulting pressure involves a concentration of
stresses on the left side of the top of the hole.

These residual stresses have two misgivings. Firstly, they could in-
duce bone densification in unsuitable areas, and also deeply impact
the physiological state. Under loading of these bones, stress shielding
can induce unloaded areas, which can be responsible for osteoporosis.
The second point is the admissible additional stress. It can be seen that
the stress field is around 150MPa in bone.With a plastic yield stress be-
tween 150 and 200 MPa, this means that this bone cannot accept addi-
tional stress.

3.2. General Von Mises stress fields

Before analyzing the results in specific areas, it is important to have
an overview of the whole frameworks. The VonMises stress field in the

same cutting plane as previously is also studied as illustrated in Figs.s 9
and 10.

Concerning the first comparison,which highlights the importance of
an adapted geometry, Fig. 8 shows that a higher stress concentration
can be observed in each part of the standardmodel despite a similar dis-
placement initially applied, especially in the screw. It can be seen that in
the standard case, the screw part in contact with implant (area A)
reaches around 550MPa,whereas it does not exceed 200MPa in the an-
atomical case.

In the second study,where the influence of thematerial is tested, Fig.
9 reveals that the difference in stress repartition is less important. None-
theless, the use of Ti-26Nb implant reduces the Von Mises stresses in
every part. For instance, the Von Mises stress in the internal surface of
the implant's hole (area B) is around 350 MPa for the Ti-6Al-4V alloy
and less than 200 MPa for the Ti-26Nb alloy.

The Von Mises stresses in the bone where the concentration is the
highest, at the interface with the screw, is particularly investigated.
The solicitations in the bone are the most important because the bone
should be the latest to be damaged. To do so, two paths on each side
of the screw following nodes along the hole were used, presented in
Fig. 11. For each node, the Von Mises stresses were picked for compari-
sons between models. The distribution being very similar on each side
with the same values, it has been decided to just focus on side 1.

Firstly, concerning the influence of geometry, Fig. 12 highlights the
fact that there are less solicitations in the bone all along the areas of in-
terest in the anatomical case. On average, the diminution reaches 72%
(Table 4). This is mainly explained by initial stress state in the bone
due to geometric incompatibilities (before loading) and by a better
stress repartition. Thus, replacing a standard implant by a custom one
is less traumatic for the bone.

Then, the anatomical case is compared to the same model with low
Young modulus Ti-26Nb instead of Ti-6Al-4V. Again, the distribution of
VonMises stresses along the path shows an average decrease by 34%, so
it can be concluded that the influence of material is significant. Finally,
the Von Mises stress field in the bone is reduced by 81% with the use
of a Ti-26Nb custom implant.

3.3. Stress gap between the bone and the screw

The observation of solicitations in the bone is a key to highlight
the influence of studied parameters. However, the appreciation of
the stress gap between the screw and the bone, responsible for
micro-movements inducing a loss of implant stability, can be more
effective. Along the contact surface between the screw and the
bone, the same paths of nodes presented in Fig. 10 have been de-
fined in the post-treatment files. The stress gap is calculated on
each common node between the screw and the bone, thanks to

Fig. 11. Location of the two paths used along the screw-bone interface.

Fig. 12. Representation of the Von Mises stresses along the side 1 comparing the anatomical and standard model in Ti-6Al-4V.



the merge operation between the two components during the de-
sign of the models. The evolution of the stress gap along the path
is represented in Fig. 13. The evolution being very similar on each
side with the same aspect, results on side 1 are presented.

The screw threads can be recognized because of the successive
rough decreases on the chart Fig. 14; therefore the most solicited
areas are between the threads. When the geometry parameter is
changed in the anatomical case, the stress gap of VonMises stress is sig-
nificantly reduced, especially between the threads. For example on the
second threads, the gap exceeding 300 MPa in the standard case de-
creases less than 100MPa in the custom case. Table 5 shows that the re-
sults of the Von Mises stress gap on both sides, in terms of average, are
almost the same. The decrease reaches 73% on side 1 and 71% on side 2.
The value is slightly different but the case is not symmetric. Indeed, the
direction of the applied load is more favorable for side 1.

Secondly, when thematerial influence is investigated by comparison
between Ti-6Al-4V and Ti-26Nb, a significant diminution can also be ob-
served all along the sides. In fact, in the custom lowmodulus model, the
stress jump does not even exceed 25MPa along the entire interface, ex-
cept for the first point. Respective average diminutions of 61% and 60%
are noted for side 1 and 2 with this second comparison, which are al-
most as high as the first comparison. These results are explained by
the screw and the implant's low Young's modulus, which comes close
to the bone Young's modulus. This is an important result because it
demonstrates that the stress-shielding in bone due to a load in the im-
plant is minimized with a Ti-26Nb custom device, which ensures a bet-
ter stability of implant.

Finally the stress jump is reduced by 90% and 89% when the two
changing parameters are considered. This emphasizes the interest of
these two possible improvements.

Fig. 13. Representation of the Von Mises stresses along the side 1 comparing the anatomical model in Ti-6Al-4V and Ti-26Nb.

Fig. 14. Representation of the Von Mises stress gap between the screw and the bone, along the side 1, according to different model configurations.

Table 4
Results of the average decrease of the Von Mises stresses on the two sides of the screw-bone interface, according the different comparisons.

Average decrease of the Von Mises stress in the bone Standard Ti-6Al-4V vs. anatomical
Ti-6Al-4V

Anatomical Ti-6Al-4V vs. anatomical
Ti-26Nb

Total: standard Ti-6Al-4V vs. anatomical
Ti-26Nb

Side 1 72% 34% 81%
Side 2 64% 34% 76%



3.4. Shear stresses in the screw

Interest was set in the shear stress field (σxy) in the same symmetry
plane as previously, to consider the stability of the screw. The shear XY

component stress is investigated because it is themost important in the
global Cauchy stress tensor.

The general shear stress field in the screw was observed with the
first comparison concerning the adaptive geometry, in order to have
an overview of the repartition of shear stresses in the screw. Even if
the maximum values reach 600 MPa in absolute value in the two
cases, the shear stresses are less important and extended in the anatom-
ical case, as showed in Fig. 15.

To quantify our expectations, paths have been defined on the bor-
ders of the screw, showed in Fig. 16.

Figs. 17 and 18 represent shear stress evolution along these two dif-
ferent paths on the screw. On side 1, the screw is impacted by the im-
plant which shears it because of the displacement imposed. It is
different on side 2, where the screw is in contact with the bone. This ex-
plains the different distribution of shear stresses along both sides.

Despite different distributions, the same tendency can be observed:
when the implant geometry is changed, the stresses significantly de-
crease, mostly on the first half of the paths. On average, the diminution
is 69% on the first side and 74% on the second side, as can be seen on
Table 6.

The replacement of Ti-6Al-4Vwith Ti-26Nb induces a less significant
decrease in shear stress, which is however not negligible. All along the
paths, Ti-26Nb stresses are below Ti-6Al-4V stresses and are weaker
by 44% on side 1 and 49% on side 2. With the two cumulated improve-
ments, a benefit of 83% and 87% are obtained on side 1 and 2, respective-
ly. Thus, the principal solicitation of the screw being a shear solicitation,
it can be concluded that an anatomical implant in Ti-26Nb widely con-
tributes to the sustainability of the screw.

4. Conclusion

Custom-made Ti-26Nb implants, including the combined effects of
lowmodulus and anatomical shape, provide better mechanical stability
compared with Ti-6Al-4V plate usually implanted, especially with sur-
rounding bones.

Table 5
Results of the average decrease of the Von Mises stress gap between the screw and the bone on both sides, according to different comparisons.

Average diminution of the Von Mises stress jump
between the screw and the bone

Standard Ti-6Al-4V
vs. anatomical Ti-6Al-4V

Anatomical Ti-6Al-4V
vs. anatomical Ti-26Nb

Total: standard Ti-6Al-4V
vs. anatomical Ti-26Nb

Side 1 73% 61% 90%
Side 2 71% 60% 89%

Fig. 16. Location of the two paths used to capture the XY shear stresses along the screw.

Fig. 15. Comparison of the general shear XY stress fields in the standard model (left) and in the anatomical model (right) in Ti-6Al-4V.



a) In the placing and tightening of the screw, in the standardmodel, the
bone is stressed by the plastic deformation of the implant, when it is
being screwed on the bone surface.

b) When the implant is loaded, preservation of the bone is better when
using a custom-made implant the manufacturing of which is made
feasible thanks to SLM technology: the general Von Mises stress
field, the shear stresses and the stress gap between the screw and
the bone are all considerably minimized in the anatomical model
compared to the standard case. Concerning the influence of the ma-
terial, it has been seen that the use of an ultra low Young's modulus
alloy also reduces the different stress fields in the bone and in the
screw as well as the stress gap between the screw and the bone,
thus minimizing stress shielding.
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