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2014 7th Cairo International Biomedical Engineering Conference 
Cairo, Egypt, December 11-13,2014 

Pelvic Ring Fractures: External Fixation 
Comparative Numerical Structural Analysis 

Shady Ali,Matteo Giachino,Andrea Bonani,Alessandro Aprato,S.Riyahi-Alam,Aly Khattab,Cristina Bignardi, and 
Alessandro Masse. 

Abstract- External fixation (EF) is commonly practiced for 
pelvic ring fractures management. Many parameters influence 
mechanical performances of external fixators. Our virtual 3D 
model of the pelvic ring introduces the advantage of 
differentiating the mechanical properties of cortical and 
cancellous bone along with the complex boundary conditions of 
major ligaments. We assessed stiffness variations by increasing 
fixator pins depth and we evaluated dislocation related to load 
intensity and sitting angle. 

The 3D model was crafted from a real CT scan. Finite 
Elements Analysis was run on the model, reproducing a Tile's 
classification Cl fracture. A 600N load was applied with a 40, 50 
and 60 mm pins depth configuration simulating sitting and 
standing conditions. Four typical body constitutions were probed 
for 15°, 30°, 45°, 60°, 75° and 90° sitting inclination. Dislocation 
was taken as stiffness index. 

Rising pins depth to 60 mm reduces dislocation up to 22.8% 
in standing position and up to 15.5% in sitting simulation. 
Dislocation values tend to decrease along with sitting angle and 
initial weight. 

On an external fixated pelvic ring, pins depth affects 
significantly the structure stiffness. Patient sitting angle and his 
initial weight has also great influence in dislocation. 

Keywords- Pelvic fractures; Finite elements analysis; 
External fixation; M echanobiology. 

I. INTRODUCTION 

Pelvic ring fractures represents about 2-3% of all fractures 
[1]; they are potentially life-threatening injuries due to the 
burden of complications frequently associated. Patients with 
this type of lesions are at high risk of fatal bleeding, transitory 
and permanent nerve IllJunes, infection and 
tromboembolism[2-4]. Prompt treatment choice has thus a 
crucial influence on patient's prognosis [5]. 

External fixation has gradually become a widely diffuse 
primary approach for this type of injuries; it is actually fast, 
relatively safe and a less invasive procedure compared to a 
definitive internal fixation [6-7]. 
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External fixation (EF) is commonly used for early fixation 
and can be also performed as deflllitive stabilization for 
rotational unstable type B fractures. For vertical unstable (type 
C) fractures EF represents a good temporary solution for the 
early management [8-9]. 

In the last decades several constructs of pelvic external 
fixators were introduced; all of them, with various design, were 
thought to obtain an acceptable stability for the injured pelvic 
ring. Archdeacon et a1. have demonstrated that an orthogonal 
pelvic external fixator pin construct represents a better design 
in term of stiffness compared to a parallel pin construct [10]. 
Another characteristic that can affect stability of the pelvis-EF 
system is represented by pin diameter: Ponsen et a1. have found 
that the use of greater diameter pins can improve stiffness until 
20% [11]. Despite that, even the stiffest type of fixator has not 
yet guaranteed enough stability to allow patients early 
mobilization and weight bearing [11-12]. 

Driven by these considerations, we developed a reliable 
virtual 3D model of the pelvis, employing Finite Elements 
Method (FEM) to simulate the mechanical behavior of an EF
stabilized pelvic ring fracture. FEM analysis permits to divide 
a complex structure (e.g. the human pelvis with or without EF) 
in a high but flllite number of simpler solids, allowing to 
calculate parameters like strains and stresses of the entire 
structure due to forces, displacements, structure load breaking 
points, and many others [20]. 

Other authors have already tried to analyze stresses 
sustained both physiologically and pathologically by the pelvis 
[12-19]; this is however the first study that muster up a more 
accurate pelvic design with the biomechanics of an unstable 
fracture, treated with an EF. 

The first goal of the study was the implementation of a 
realistic virtual 3D model of the pelvis, considering properties 
of both cancellous and cortical bones, and the reproduction of 
the main stabilizing ligaments of the pelvic ring. The second 
target was to assess how pins depth affects the stability of the 
pelvis-EF system. The third one was the simulation of 
displacement rates of the injured pelvis with EF, related to 
different sitting angles (15°, 30°, 45°, 60°, 90°) in four 
different weight classes: a relevant issue involving a pelvic 
fractured patient is thus represented by his mobilization and 
nursing care. 

II. METHODS 

A 3D model of a complete human pelvis was simulated 
starting from computed tomographic (CT) scan data of a 
healthy female patient, performed for a non-orthopedic 
condition. CT images were acquired with Imm slice interval 
and imported as DICOM image format into the three-



dimensional visualization software Mimics® 1 0.0 (Materialize, 
Belgium)[21]. 

Density thresholds were used to delimitate volumes of the 
innominate bone and the sacrum; within the same bones a 
further discrimination between cortical bone and cancellous 
bone was performed. 

The threshold for the cancellous bone was set from 226 to 
564 HU (Hounsfield Units) and for the cortical bone was set 
from 565 to 1615 HU . Since different morphological structures 
do not have a unique HU value, completely automatic 
segmentation of complex images is generally impossible and, 
therefore, needs to be performed manually and 
interactively[20-22]. Contours for cortical and cancellous bone 
of the pelvis and the sacrum were obtained from the 
consequent segmentation. "Fig. 1 " 

Fig I.Contours of pelvis (cortical and spongious bone) 

These contours were then imported to a Computer Aided 
Design (CAD) software (Rhinoceros® 4.0, Robert McNeel & 
Associates, USA) to be transformed into a solid. 

Components of the external fixator were designed with 
SolidWorks® software (Dassault Systemes, France), the two 
hemi-pelvis and the sacrum were imported in the same 
software and assembled with the frame. 

Fixator pins were placed one in the iliac crest, 1 cm 
posterior to the antero-superior iliac spine, and one supra
acetabular, in proximity of the antero-inferior iliac spine, as 
previously described[23]. "Fig.2" 

Fig 2.Complete CAD solid model 

The model was imported into FEM analysis software 
Simulia Abaqus® 6.10-1 (Dassault Systemes, France), to 
analyze the behavior of the fixator-pelvis system when loaded 

[20,24]. Elastic modulus E [25] and Poisson ratio v[26] of the 
different materials used are shown in table 1. 
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Table I.Elastic Modulus (E) and Poisson ratio (v) of the materials used in the 
model 

Materials 
Elastic modulus E Poisson ratio 
(MPa) (v) 

Cortical bone 16000 0.3 

Cancellous bone 1600 0.3 

Screws of external fixation (steel 
190000 0.3 

316L) 

External fixation terminals 
72000 0.3 

(aluminum alloy) 

External fixation bars (composite 
120000 0.3 

material) 

The model presented linear elasticity and each component 
was a solid part. All components were meshed using C3D4: a 
4-node linear tetrahedral element. In every model mesh 
sensitivity analysis was performed, providing 1498291 
elements and 334978 nodes for the entire model. 

Prior to analysis, boundary conditions were determined to 
defme relations between parts. Sacrum was fixed and 
connected to one hemipelvis through an accurate representation 
of posterior stabilization complex ligaments (table 2). 

Table 2. Parameters of main pelvic ring ligaments. 

Ligaments Stiffness (N/mm) Number of springs 

Sacroiliac 500 262 

Sacrospinous 1500 6 

Sacrotuberous 1500 28 

Iliolumbar 1000 25 

The other heml-pelvls was set free of connectIOns, III order 
to simulate a Tile's C 1 fracture [27-28]. Cortical and 
cancellous bone were also tied together. 

Different pin depths construct was the first parameter to be 
simulated. Depth of the screws was set at an increasing value 
of 40 mm, 50 mm and 60 mm both for superior and inferior 
access. The diameter of the screws was constantly set at 6 mm . 

Each model was then exposed to two loading conditions: 
respectively sitting and standing positions. Sitting simulation 
was performed by loading the pelvis on the ischiatic 
tuberosities (reaction of the sitting plane), standing position by 
loading the acetabula (reaction of femur head). No muscular 
loads have been considered. [10-12, 29-30]. For the standing 
position a 600N load, parallel to Z axis (90° from plane) was 
applied to the two acetabula. For the sitting position a 600N 
load, parallel to Z axis (90° from plane) was applied to the two 
ischiatic tuberosities. Load/displacement curve analysis was 
performed for every part of the pelvic ring and the external 
frame in order to check the stability of the system. 

Next step was the stiffness variation evaluation related to 
load direction. To perform this analysis we only considered a 
60 mm pins depth configuration, in light of previous analysis 
results. 

Only in sitting position the load was inclined towards the 
XY plane with different angles: 90°, 75°, 60°, 45°, 30°, 15° in 



clockwise direction. All loads have been applied concentrated 
on single nodes. Load/displacement curves analysis of the 
model at different angles was performed considering four 
different patient habitus: the 25th (61.1 kg) and 50th (71.3 kg) 
percentile of women body mass and the 50th (86.1 kg) and 
75th (98.9 kg) percentile of men body mass [31]. "Fig.3" 

, 

L, 

Point of application of 
loading in standing 

Point of application of 
loading in sitting 

position 

Fig 3. Loading condition at sitting position and standing position and the 
inclination of load about z axis. 

According to biomechanical studies we set the maximum 
load on the pelvis as the total body weight without legs (about 
60% of the total body weight [32]. If the trunk moves from a 
90° position towards supine, part of the total load transfers to 
the back, lightening the pelvis bearing load. Vector resolution 
was performed to calculate the pelvic component of the total 
weight at each angle as shown in table 3. All loads values, in 
the different directions, results from the product of the body 
weight for 60%. Dislocation values at the sacroiliac joint and at 
the pubic symphysis were considered as main outputs. 

Table 3. Loads applied to the ischiatic tuberosities in relation with wake up 
angle and mass percentile (N) 

2sthWomen percentile 

sOthWomen percentile 

50th Men percentile 

75th Men percentile 

90° 75° 60° 

355 343 307 

414 400 359 

500 483 433 

575 555 498 

III. RESULTS 

45° 30° IS° 

251 178 92 

293 207 107 

354 250 129 

407 288 149 

Graphical representations of the results are depicted as a 
color code showing the displacement distribution (warm colors 
= higher displacements, cold colors = lower displacements) 
and its values in each model, according to the different loading 
conditions. 

We analyzed stiffness related to pins depth for both 
standing and sitting position. Results are shown in table 4. 

T bl 4 D' I b d I d d h ( a e Isplacements 0 serve re ate to PIDS ept mm . 
Sitting Standing 

Pins depth Max displ. S-I displ. Max displ. S-I displ. 
40mm 26.47 18.13 32.08 18.34 
sOmm 24.34 16.91 26.9 16.95 
60mm 22.59 15.7 24.75 15.6 
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Values for the sacroiliac joint (S-I) are the maximum 
displacements registered on articular bone interface. "Fig A " 

U, Magnitude 
+2.475e+Ol 
+2.268e+Ol 
+2.062e+Ol 
+1.856e+Ol 
+1.650e+Ol 
+1.444e+Ol 
+1.237e+Ol 
+1.031e+Ol 
+8.24ge+OO 
+6.187e+OO 
+4.12Se+DO 
+2.062e+OO 
+O.DOOe+OD 

'A l! . 

U, Magnitude 
+2.674e+Ol 
+2.451e+Ol 
+2.228e+Ol 
+2.005e+Ol 
+1.783e+Ol 
+1.560e+Ol 
+1.337e+Ol 
+1.114e+Ol 
+8.913e+OO 
+6.684e+OO 
+4.456e+OO 
+2.228e+DO 
+O.OOOe+OO 

B 
L . 

U, Magnitude 

+3.208e+Ol J��=-.. _____ IiiI-=:-;; 
+2.941e+01 
+2.673e+01 
+2.406e+01 
+2.13ge+01 
+1.871e+01 
+1.604e+01 
+1.337e+01 
+1.06ge+01 
+8.020e+OO 
+5.347e+OO 
+2.673e+OO 
+O.OOOe+OO 

c 
, 

L . 

Fig 4.Displacement distribution for Pin Depth (A.60), (B.50), (C.40 mm) in 
standing position. Red wires represent ligaments. 

The maximum displacement for standing position was 
reduced by 16.1 % and 22.8% rising pins depth respectively 
from 40 mm to 50 and 60 mm. Values obtained at the 
sacroiliac Jomt followed a similar trend. Maximum 
displacement for sitting position was reduced by 9 % and 15. 
5% rising pins depth respectively from 40 mm to 50 and 60 
mm. At the sacroiliac joint the same reduction was observed. 
"Fig.5" 

r.===================� 
30 

27 

100 200 300 
load IN) 

400 500 600 

Fig 5.Displacement vs Load for Pin Depth (40, 50, 60) mm Of External 
Fixator Sitting Position. 



Results for the simulations run at different sitting angles for 
the four body constitution categories are summarized in table 5 
and 6. 

Table 5 Sacroiliac displacement (mm) 

2SthWomen percentile 

SOthWomen percentile 

50th Men percentile 

75th Men percentile 

90° 

9.23 

10.76 

13 

14.95 

75° 60° 45° 

8.58 7.06 5.02 

10 8.26 5.86 

12.08 9.96 7.08 

13.88 11.45 8.14 

Table 6 PubIc symphysIs dIsplacement (mm) 

2SthWomen percentile 

SOthWomen percentile 

50th Men percentile 

75th Men percentile 

90° 75° 60° 

8.52 10.29 8.29 

9.94 12 9.69 

12 14.49 11.69 

13.8 16.65 13.45 

IV. DISCUSSION 

45° 

6.02 

7.03 

8.5 

9.77 

30° IS° 

3.74 2.12 

4.35 2.46 

5.25 2.97 

6.05 3.43 

30° IS° 

3.92 2.02 

4.55 2.35 

5.5 2.84 

6.34 3.28 

External fixation of the pelvis is a commonly practiced 
procedure for both emergency and definitive treatment of 
unstable lesions. Although its decades of development, no 
frame configuration has by now nearly guaranteed a complete 
stability of the pelvis with physiological load [11-12], making 
an early patient mobilization unsuitable. 

First main achievement of our work is the implementation 
of an accurate 3D virtual model of the pelvic ring that 
biomechanically considers ligaments and the difference 
between cortical and cancellous bone. No previous studies 
have put together all these information in a single model while 
simulating an injured pelvis. Comparisons with similar studies 
based on real models support the reliability of the data obtained 
[10-19]. Despite the high accuracy of our simulations, such a 
complex model would benefit from an experimental validation 
in future studies. 

Pins depth is a major factor that affects stability of the 
fixator-pelvis system. Simulations run on our model showed a 
significant displacement reduction by plunging pins at 60 mm, 
compared to a 40 mm configuration. Stability is a key word of 
the traumatic pelvic pathology, a stiffness increase up to 22. 
8% and 15.5% respectively for standing and for sitting position 
with 60 mm screws is a worthy outcome that should be taken 
into consideration while pinning. 

In our CT-based model, 60 mm was almost the maximum 
depth allowed by anatomy; this means it would be hard to 
reach such measure in every patient; however, as data show 
that the deeper the pins go the stiffer become the structure, it 
would be suitable to plunge pins as inward as possible. 

For the first time we tried to focus on the relationships 
existing between patient's weight, sitting angles and load born 
by the pelvis. Sitting angle has, in fact, a crucial influence in 
pelvis load and its intensity. Whether at 90° the entire weight 
of trunk, upper limbs and head falls on the ischiatic tuberosities 

13 

intensely stressing the structure, at 45° approximately 70% of 
the total load charges the pelvis and this percentage reduces to 
26% at 15°. This is independent of initial weight, suggesting 
that is suitable to allow a wider range of flexion in lighter 
patients. Our analysis takes into account sacroiliac and 
symphysis displacement, considering thus the biomechanical 
major segments of the pelvic ring [28, 33]. Posterior complex 
integrity has the absolutely main impact on stability and its 
reduction is of utmost importance for a good outcome [33]. By 
setting 5 mm as the maximum tolerable displacement for the 
maintenance of a satisfying reduction, we can cross-match the 
sitting angle theoretically permitted for each category of 
patients considered [34]. Our data show that the fixator-pelvis 
structure cannot bear a sitting angle above 45° in any case 
without causing an out-of-range displacement of anterior and 
posterior complex. At 45° only light patients (25th women 
percentile) maintain an acceptable reduction; an inclination of 
30° is permitted for the 50th women percentile, while 50th men 
percentile slightly exceeds the limits of accceptance. Higher 
weights still suffer from excessive displacement. Only at 15° a 
less than 5 mm dislocation is granted for all the cases 
considered in the simulations. 

Our simulations eventually suggest a much more 
conservative post-stabilization management of the injured 
patient. Clinical practice put a limit at 45° sitting angle for 
essentially all cases, being implicitly aware of the 
supplementary stress suffered from the structure in high weight 
people. 

We simulated one of the most challenging condition for an 
external fixator, which is an entire hemi-pelvis without any 
connections to the controlateral. The whole load thus falls on 
the external construct. Literature suggests that soft tissues other 
than joint ligaments participate in pelvic ring biomechanics, 
smothering stresses of the bony part [29]: this consideration 
leads to believe that in reality we can expect a slightly better 
condition than what we found. 

It is also important to consider that pelvic ring disruptions 
require long hospitalization and healing time; quality of life 
therefore represents a major goal during the treatment of this 
type of injuries. Even if the EF could not ensure a complete 
stability at high degrees of trunk flexion, a compromise 
between fracture healing and patient's quality of life (e.g. 
nutrition, nursing etc.) should be accepted. 

EF has a widely popular indication for additional treatment 
of internal fixated pelvis fractures. A future application of our 
model will be the association of internal synthesis with an EF 
for the consequent analysis of the new biomechanical setting, 
which should be reasonably much stiffer than the EF alone. A 
further analysis will be the simulation of a horizontally 
unstable Tile's B fracture, where EF alone sometimes 
represents a reasonable treatment choice. 

As a conclusion, an accurate virtual 3D model of the 
human pelvis has been implemented, considering bone and 
ligaments biomechanics. The analysis of pelvis model with 
external fixator proved that pins depth affects stiffness of the 
externally fixated pelvis. A 60 mm deep configuration reduces 
respectively by 22, 8% and 15, 5% the dislocation of the 
unbound hemi-pelvis in standing and sitting position. In light 



of previous results and considerations we also believe that a 
tailored indication based on patient's weight for post
stabilization management will be suitable for maximizing 
healing outcome. 
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