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Abstract Comminuted humeral fractures are usually
treated with locking plates or intramedullary nails with
satisfactory clinical results. It is important to note that the
success of this type of implantation depends on the long-
term stability, adaptability and integration of the humeral
bone tissue while maintaining a lesser and optimal pressure
distribution in the surrounding bone. In this context, the
main objective of the present work is to search for rational
solutions to reduce and minimize stress concentrations by
comparing the fractured humerus fixation using intrame-
dullary nailing and a compression plate. To this end, these
implants were designed and implanted in a fractured
humerus and analyzed by finite elements using three dif-
ferent types of loadings (axial force, inclined force, and
torsional moment). To assess the biomechanical behavior
of the different implants, the distributions of von Mises
stresses, strains and total displacements in the implants and
bones (cortical and cancellous) of the humerus were
compared. The numerical results obtained showed that the
fixation systems by a locking plate or an intramedullary
nail fixed by six screws played a very important role in the
absorption and minimization of the stresses, and conse-
quently, the stabilization of the surgical treatment adopted.
Indeed, the nailing system gives a lower level of von Mises
stress and strain in the cortical and cancellous bone of the
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humerus compared to the plate model under the influence
of axial forces and torques, whereas the compression plate
shows the lowest values of stresses and strains in the bone
when the applied load is of the inclined force type.
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Introduction

Among the most frequent injuries, that of the proximal
humerus fractures is one of the types often encountered in
the elderly, with a frequency constantly increasing fol-
lowing the aging of people and the predominance of
osteoporosis [1, 2]. Surgical treatment is necessary for the
management of this type of fragile failure to obtain and
preserve anatomical rehabilitation, allows precocious
functional resumption, and guarantees fast healing. Treat-
ment options for joint preservation consist of compression
plate and intramedullary nailing. The insertion of fixation
plates has revolutionized the handling of fractures at this
anatomical emplacement [3, 4]. Though, the complications
rate linked to fixation in brittle bone, considering also intra-
articular screw punching and reduction loss, remains great,
reaching up to 36% in the overall population and up to 86%
for the greatest at-risk mental population [3—8]. Surgical
treatment of proximal humerus fractures in the setting of
osteoporosis is especially difficult because of insufficient
bone support, complicated loading conditions of the
shoulder complex, fragmentation, and restricted surgical
intervention [9]. This challenge, in combination with the
high degree of complications, requires well-established
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methodologies for osteosynthesis and preoperative plan-
ning using more convenient and perfect design techniques.

Difficulties encountered during in vitro biomechanical
experimental testing limit the reliability of each technique
and, therefore, the conception procedure. On the other
hand, the robustness of numerical modeling has been rec-
ognized by several authors in the prediction of the
biomechanical quality of bones [10] and the reliability
evaluation of osteosynthesis devices [11]. Very limited
numerical investigations have studied the difficulties of
proximal humeral fractures treatment, by comparing the
results obtained by different types of implants [12, 13], by
studying the influence of the locking screw geometry [14],
by studying the biomechanical behavior of the bone cement
[15] and by studying the fracture gap dimension [16].
Though, these models were generally developed based on
simple boundary and loading conditions and using a single
sample. The studies were limited to the assessment of the
elastic rigidity and the stress distribution in the implant and
the bone but did not consider the prediction of the failure of
the adopted solution [17].

Fig. 1 Bones of the humerus
shown in Design Modeler
(Ansys): (a) cancellous bone;
(b) cortical bone containing; six
holes for fixation screws

It has recently been shown that finite element modeling
(FEM) can predict the failure of the experimental cyclic
concept of proximal humerus fracture fixation with locking
plates [18]. Nevertheless, the development of these models
and the obtaining of reliable results require considerable
time and significant user interactivity. Automating these
simulation phases could effectively help the implant
delivery process by supplying fast feedback on bio-phy-
sico-mechanical reliabilities. Furthermore, there are very
few studies that have considered the implant design,
loading conditions, diversity of complex regimes, varia-
tions in bone grade and bone failure type [17].

Therefore, there remains a need for numerical tests and
skillful research through numerical models that would
consider the spectrum of complicated conditions and would
provide effective estimates related to individual measure-
ments to elucidate the steps of success by means of a
parametric evaluation.
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Fig. 2 Illustration of the intramedullary nail made using SolidWorks: (a) front view, and (b) cross-sectional view A-A
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Fig. 4 Illustration of screw-plate-bone contacts is defined as fully fixed

Geometric Modeling

Plates are used if there was a risk of rotation that would
shift the axis of the underlying joints, or for short bones.
There are a variety of plates and screws of suitable shapes,
allowing all of these to be fixed in the correct position. The
numerical models developed for this study consist of four
main parts. The cortical and cancellous bone (Fig. 1) which
are obtained using the segmentation and 3D reconstruction
techniques described in our previous paper [19]. The
intramedullary nail and locking plate fixation systems were
designed using Solidworks software (Figs. 2 and 3).

Finite Element Modeling
The aim of this finite element modeling is to study the

stresses and strains distributions in the various components
of nail and plate fixation systems, including cortical and

cancellous bone under different types of loading. The
numerical simulations were performed using ANSYS
Workbench software. The biomaterials properties, the
boundary conditions and the meshing of the models will be
presented in detail in this section.

Biomaterials® Properties

For the finite element analysis of the developed models, we
need to introduce the mechanical properties of each com-
ponent. In this study, we considered isotropic, elastic, and
linear behavior. The Young’s moduli of cancellous and
cortical bone are, respectively, 1,380 MPa and 13,800 MPa
with a Poisson’s ratio of 0.3 [19]. The contact interfaces
between the plate locking screw and the bone were
assumed to be completely bonded (Fig. 4). All the ele-
ments of the models studied were assumed deformable
elements. The materials investigated in the fixtures for the
locking plate and the screws were titanium alloy (Ti6-Al4-
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Table 1 Mechanical properties of the model’s components [19-21]

No Component Young’s modulus (MPa) Poisson’s ratio
1 Cortical bone 13,800 0.3

2 Cancellous bone 1,380 0.3

3 Intramedullary nail 110,000 0.33

3 Fixation plate 110,000 0.33

4 Screw 110,000 0.33

. Support fixe . Support fixe

[BJ Force: 500, N

Force Axiale

. Moment: 10000 N-mm

Moment de rotation

B Force: 500N [A g

. Support fixe

Force Incliné

(a) Axial Force

(b) Torque

(c) Inclined Force

Fig. 5 Illustration of the boundary conditions used: Fixation of the distal part of the humeral shaft and application of (a) axial force, (b) torque

and (c¢) inclined force on the humeral head

Table 2 Different types of loads applied to the humeral head

Load 1 Load 2 Load 3
Force Axial Force Inclined Force at 20° Torque
Value 500 N 500 N 10 Nm
Application points The humeral head The humeral head The humeral head
Embedding The humeral shaft The humeral shaft The humeral shaft

V) with a Young’s modulus of 110,000 MPa and a Pois-
son’s ratio of 0.33 (Table 1).

Boundary and Loading Conditions

Indeed, it is difficult to give actual boundary conditions
from real bone locations due to the complex structure of the

@ Springer

human body. Based on the literature [22—-24], in this study,
we fixed the distal segment of the humeral shaft. Axial
force, shear force and torque were applied to the developed
models. For the axial force, we applied a load of 500 N
oriented vertically in the coronal and sagittal planes to the
proximal humeral head. Based on the axial conditions, the
angle of the model was changed by 20° to simulate the



J Fail. Anal. and Preven. (2022) 22:1905-1923 1909

e
\V,
4V

a

/-37"":".'.-L =

)
(
i
4
i
a
)

."_

(a) (b) (c) (d) (e)

Fig. 6 The components of the model: (a) cortical bone, (b) cancellous bone, (¢) compression plate, (d) assembled model and (e) refined mesh of
the model

Fig. 7 Longitudinal section
illustrating the meshes of the
different components of the
studied models

Cancellous
bone

Nail 5 4o Screw Cortical bone

shear force. The latter simulates the force experienced by a ~ Models Meshing

proximal fracture site as the patient leaves a seat or pushes
on a cane. To model the rotation, the proximal humeral = The components of the studied models were meshed using

head is subjected to a torque of 10 Nm applied around the  10-node tetrahedral linear elements. The full model of the
axis of the humeral diaphysis (Fig. 5). All the applied loads ~ humerus and compression plate with the six screws

are shown in Table 2. includes 283,175 elements and 582,467 nodes (Fig. 6). The
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Fig. 8 (a) Application of the
boundary conditions and (b) the A: tension 200N-3mm- Maillage
mesh used for the numerical Fixed Support
validation modelintramedullary Time: 1, s
nail and plate fixation [ Force: 200, N
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Fig. 9 Comparison of force—displacement results obtained by the actual numerical simulation with the experimental data given by Zhao et al. [3]
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Fig. 10 Distributions of von Mises stresses in the cortical bone of the fractured humerus for both models (intramedullary nail and plate surgical
treatments) for the three types of loadings: (a) axial force, (b) inclined force and (¢) torque

cortical and cancellous bones were modeled with tetrahe-
dral elements using (85,220 elements and 150,599 nodes)
and (136,086 elements and 199,802 nodes), respectively.
The plate and fixation screws were also modeled using
tetrahedral elements (61,869 elements and 232,066 nodes).
The humerus with the six-screw nailing system was com-
posed of 268,255 elements and 472,882 nodes. The
intermediate surfaces between the various constituents of
the nailing and compression plate devices were treated as
perfectly bonded (Fig. 7).

Model Validation

Prior to performing the simulation calculations of the
behavior of the fractured humerus fixed by both fixation
systems, a validation was performed of the numerical
model using an intact humerus in tension whose experi-
mental results are given by Zhao et al. [23]. These are
tensile tests under the action of progressive forces applied
in steps on the surface of the elbow joint to simulate lifting
heavy objects, with the surface of the glenohumeral joint
fixed. The applied force varies from 20 to 200 N (with a
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Fig. 11 Histogram of maximum von Mises stresses in the cortical bone of the fractured humerus for both fixation systems (intramedullary nail
and plate fixation system) under the effect of the three types of loads (axial force, inclined force, and torsional moment)

20 N step). These experimental conditions have been
reproduced in the finite element code by applying an
embedding on the proximal end of the humerus (the
humeral head) and a tensile force on the elbow (Fig. 8a). A
linear elastic isotropic mechanical behavior was considered
with a Poisson’s ratio of 0.3 and Young’s moduli of 13,400
and 2000 MPa for the cortical and cancellous bones,
respectively [23]. A mesh with 10-node tetrahedral ele-
ments of size 3 mm was used (Fig. 8b). The comparison of
the numerical and experimental results of the force evo-
Iution as a function of the displacement is presented in
Fig. 9. The results obtained by the developed numerical
model using the selected mesh are in good agreement with
those obtained experimentally by Zhao et al. [23].

@ Springer

Results and Discussion
Distribution of Stresses in the Cortical Bone

Figure 10 shows the distribution of von Mises stresses in
the cortical bone of the fractured humerus using both fix-
ation systems (intramedullary nail and plate surgical
treatments) for the three types of loading (axial force,
inclined force, and torque). The highest level of stress is
obtained when using intramedullary nail fixation system
under inclined force loading, while the lowest level of
stress is obtained in the case of axial force using the same
fixation system. Furthermore, it can be observed that the
stress concentration is in the lower part of the humerus (see
red color in Fig. 10).
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Fig. 12 Distributions of equivalent strains in the cortical bone of the fractured humerus for both models (intramedullary nail and plate fixation
system) for the three types of loadings: (a) axial force, (b) inclined force and (c) torsional moment

Figure 11 shows the evolution of the maximum von
Mises stress values in the cortical bone of the fractured
humerus using both fixation systems (intramedullary nail
and plate surgical treatments) and for the three types of
loading. From this figure, the system that generates the
most stress in the bone is that of the compression plate.
Indeed, in the case of axial force and torsional moment, the
maximum stress in the plate system for surgical treatments
is always higher than that obtained by intramedullary nail

fixation system. A slight difference was observed between
both fixation systems for the case of inclined force. The
greatest difference was found in the case of axial force,
where it was almost three times that generated by nailing.
In general, implantation of the intramedullary nail fixed
with six screws results in an equivalent stresses reduction
in the cortical bone of the fractured humerus compared to
the plate fixation system.
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Fig. 13 Histogram of maximum strains in the cortical bone of the fractured humerus for both fixation systems (intramedullary nail and plate
fixation system) under the effect of three types of loading (axial force, inclined force, and torsional moment)
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Fig. 14 Distribution of von Mises stresses in the cancellous bone of the fractured humerus for both models (intramedullary nail and plate fixation
system) under the effect of three different loads: (a) axial force, (b) inclined force and (c¢) torsional moment
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Fig. 15 Histogram of the maximum von Mises stresses in the cancellous bone of the fractured humerus for both fixation systems (intramedullary
nail and plate fixation system) under the effect of different types of loadings (axial force, inclined force and torsional moment)

Distribution of Strains in the Cortical Bone

Figures 12 and 13 show, respectively, the strains distri-
bution and maximum strain values in the cortical bone of
the fractured humerus using both fixation systems (in-
tramedullary nail and plate surgical treatments) for
different types of loadings (axial force, inclined force and
torque). The greatest strain is obtained when using the
nailing fixation system (Nail-FSys) under the effect of an
inclined force loading, whereas the lowest strain is
obtained in the case of an axial force using the same fix-
ation system. Furthermore, it can be observed that the
maximum strains obtained in the case of the nailing fixa-
tion system (Nail-FSys) are almost twice of those obtained
by compression plate when the applied loads are inclined
forces or torsional moments (Fig. 13). A slight difference

was found between both fixation systems when the applied
load is an axial force.

Distribution of von Mises Stresses in the Cancellous
Bone

Figure 14 shows the distribution of von Mises stresses in
the cancellous bone of the fractured humerus using both
fixation systems (intramedullary nail and plate fixation
system) for the three types of loading (axial force, inclined
force, and torsional moment). The highest stress level is
obtained when using the nailing fixation system (Nail-
FSys) under the effect of an inclined force loading, while
the lowest stress level is obtained under torsional moment
using the second fixation system (Pla-FSys). Furthermore,
it can be observed that the stress concentration is in the
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Fig. 16 Distribution of von Mises strains in the cancellous bone of the fractured humerus for both models (intramedullary nail and plate fixation
system) under different types of loading: (a) axial force, (b) inclined force and (c¢) torsional moment

lower part of the humerus for Nail-FSys, and at the level of
the medial humerus fracture for Pla-FSys.

Figure 15 shows the evolution of the maximum values
of von Mises stresses in the cancellous bone of the frac-
tured humerus using both fixation systems under the effect
of different types of loadings. From this figure, we can
observe that the system which generates more stress in the
cancellous bone is that of intramedullary nailing. Indeed, in
the case of a torsional moment, the maximum stress in the
intramedullary nail fixation system is always higher than
that in the plate fixation system. A slight difference was
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observed between both systems for the case of axial force.
The greatest difference was found in the case of inclined
force, where it exceeds three times that generated by the
compression plate system.

Distribution of Strains in the Cancellous Bone

Figures 16 and 17 show, respectively, the strains distribu-
tion and the maximum values of strain in the cancellous
bone of the fractured humerus using both fixation systems
under the three types of loadings (axial force, inclined
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Fig. 17 Histogram of the maximum strains in the cancellous bone of the fractured humerus for both fixation systems (intramedullary nail and
plate fixation system) under the effect of three types of loadings: (a) axial force, (b) inclined force and (c) torsional moment

force, and torque). The greatest strain is obtained when
using the intramedullary nail fixation system under the
effect of an inclined force loading, while the lowest strain
is obtained in the case of axial force using the second
fastening system. In addition, it can be noted that the
maximum strains obtained in the case of the nailing fixa-
tion system are three times greater than those obtained by
compression plate when the applied loads are inclined
forces and are almost doubled for torsional moments
(Fig. 16). A slight difference was found between both
systems when the applied load was an axial force. In
general, the histogram presented in Fig. 17 shows that the
strain levels in the cancellous bone of the fractured
humerus were reduced using the second fixation system
(Pla-FSys) in the case of inclined force or torque loading.

Distribution of von Mises Stresses in Fixation Systems

Figure 18 shows the distribution of von Mises stresses in
the intramedullary nail and the humeral fixation plate for
different types of loads (axial force, inclined force, and
torque). It can be noted that the highest stress level is
obtained when using an intramedullary nail fixation system
under the effect of an inclined force type loading, while the
lowest stress level is recorded in the case of axial force
using the same fixation system. Furthermore, the concen-
tration of the maximum von Mises stresses is in the vicinity
of the fracture for both surgical treatment systems.

Figure 19 shows the maximum values of the von Mises
stresses for both fixation systems (intramedullary nail and
plate fixation system) under the three types of loading. The
nail fixation system generates the highest stresses. Indeed,
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Fig. 18 Von Mises stress distributions in the intramedullary nail and plate fixation system for different loads: (a) axial force, (b) shear force and

(c) torque

in the case of axial force and torque, the maximum stress in
the plate fixation system is more than three times higher
than that obtained by nailing. However, in the case of
torque, a slight difference has been found between both

fixation systems.
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Distribution of Normal and Shear Stresses in Fixation
Systems

In this section, we present the results of the normal and
shear stresses to verify the strength conditions for both
fixation systems studied. Figure 20 illustrates the effect of
axial loading applied to the upper surface of the humerus
by generating maximum shear stresses at the nail and plate
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Fig.19 Histogram of the maximum von Mises stresses at the level of both fixation systems (intramedullary nail and plate fixation system) for
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Fig. 20 Distributions of normal
stresses in (a) the
intramedullary nail and (b) plate
fixation system under the effect
of axial force

fixation system. It can be observed that the maximum
values are, respectively, equal to 28.217 and 317.44 MPa
(see red color is Fig. 20). In addition, we can notice that the
strength condition is verified, as the maximum normal
stresses in both fastening systems are lower than the

Normal stress

21,002
13,787
65717
-0,64335
-7,8584
-15,073
-22,288
-29,503

28,217 Max

-36,718 Min

(a)

Normal stress

317,44 Max
263,1

208,76
154,42
100,07
45,71
-86114
-62,954
1173
-171,64 Min

(b)

allowable compressive stress of the titanium alloy
(Ti6Al14V) which is 970 MPa [25].

Figure 21a illustrates the effect of inclined load applied
to the upper surface of the humerus generating shear
stresses ranging from —74.538 to 61.277 MPa at the level

of the nailing stem and -121.39 to 128.57 MPa for the plate
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Fig. 21 Distributions of shear
stresses in the intra.medullaly Shearstress Shearstress
nail and plate fixation system
for the case of (a): shear force
and (b): torque 61,277 Max 147,58 Max
46,186 84,324
31,096 21,065
16,005 -42,193
0,91459 -105,45
-14,176 -168,71
-25,266 -231,97
-44,357 -205,23
il -358,49
-74,538 Min 421,74 Min
Shear stress Shear stress
128,57 Max 360.57 Max
100,8 303,22
73,025 245,86
45,252 1885
17,479 131,15
-10,2%4 73,73 "
-38,067 16,433 :
-65,84 -40,923
-93,612 -98,28
-121,39 Min it -155,64 Min (Y
(@) (b)

fixation system. By comparing these values with the
allowable shear stress of the titanium alloy (Ti6 Al4 V),
which is equal to 550 MPa [25], we can confirm that the
strength condition is verified.

Similarly, Fig.21b shows the distribution of shear
stresses in both fixation systems under a torsional torque of
10 Nm where their minimum and maximum values are,

@ Springer

respectively, —421.74 and 147.58 MPa for the intrame-
dullary nail and —155.64 and 360.57 MPa for the plate
fixation system. It can be easily noticed that the strength
condition is verified since these values are always lower
than the admissible value of the shear strength of the tita-
nium alloy (Ti6Al4V), which is equal to 550 MPa.
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Fig. 22 Histogram of maximum stresses in both fixation systems by intramedullary nailing (Nail-FSys) and plate fixation system (Pla-FSys)

Figure 22 summarizes the maximum values of normal
stresses in the cases of axial force, inclined force and tor-
sional moment for both fixation systems (Nail-FSys and
Pla-FSys). It can be seen that for different types of load-
ings, the stresses generated in the plate fixation system
(Pla-FSys) are always higher than those of the intrame-
dullary nailing fixation system (Nail-FSys). Furthermore,
the highest stresses are obtained in the case of plate fixation
system when the applied load is an axial force
(317.44 MPa) or a torsional torque (350.57 MPa). In gen-
eral, the normal and shear stresses obtained in both fixation
systems are always within the safety margin of the material
used.

Deformation of the Fixation Systems

Figure 23 illustrates the distribution of strains in both fix-
ation systems (Nail-FSys and Pla-FSys) under the effect of
a torque of 10 Nm applied to the humeral head. It can be
noted that the strain concentration is localized at the level

of the fractured zone of the humerus for both fixation
systems. In fact, the strain in the plate fixation system is
much greater than that of the intramedullary nail as their
maximum values are, respectively, 0.0103 and 0.0021 (see
Fig. 23). Therefore, it can be concluded that the nailing
system is relatively more stable than that of the plate fix-
ation system for the fixation of humeral fractures.

Conclusions

In this study, the finite element method was used to eval-
uate the equivalent stresses and strains in the fractured
humerus fixed by intramedullary nailing and plate fixation
system under the effect of three types of loadings (axial
force, inclined force, and torque). From the results
obtained, the following conclusions can be drawn:

— The stresses and strains in the cortical bone are always
high compared to those in the cancellous bone for both

@ Springer
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4,7607e-6 Min

(a)
0,010355 Max
0,0092041
0,0080537
0,0069032
0,0057527
0,0046022
0,0034517
0,0023013
0,0011508
2,9862e-7 Min

(b)

Fig. 23 Distribution of equivalent strains in the case of angular torsion for both systems: (a): intramedullary nailing (Nail-FSys) and (b): plate
fixation system (Pla-FSys)

fixation systems (intramedullary nail and plate surgical In general, from the obtained results, it can be concluded

treatments) that the use of the nailing fixation system (Nail-FSys) plays
— The lowest values of stresses and strains in both  an important role in the reduction of stresses and strains in

humeral bones (cortical and cancellous) and for both  the fractured humerus compared to the plate fixation sys-

fixation systems are obtained in the case of axial  tem (Pla-FSys).

loading, whereas the highest values are obtained in the In addition, it is important to note that the models

case of inclined force. developed in this work can provide a valuable numerical
— The von Mises, normal and shear stresses generated in  tool for the selection of the appropriate implants and the

the plate fixation system used for the surgical treatment  postoperative evaluation of surgical treatment.

of the humeral fracture are always higher than those

found in the intramedullary nailing system.
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