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Abstract
Osteoporosis significantly increases the risk of bone fracture. Falls are the leading cause of
osteoporotic fracture among elderly people. The incidence of low-energy acetabular fracture
among the elderly population has been increasing in developed countries in recent decades. Lowenergy acetabular fractures mostly happen due to falling from a standing height. While the
mechanism of proximal femur fracture due to low-energy falls has been investigated widely owing
to higher incidence and the associated morbidities and mortalities, the biomechanical mechanism
responsible for acetabular fracture has remained underexplored. Through developing
comprehensive finite element models as a reliable and cost-effective method of study, this thesis
aims to evaluate the effects of various biomechanical factors contributing to the occurrence,
severity, and type of acetabular fracture during low-energy sideways falls.
The finite element models were based on abdominal computed tomography (CT) images of a
median male without acetabular fracture history, retrieved from a large clinical dataset. While the
bony parts and trochanteric soft tissue were reconstructed directly from the CT images, cartilages
and ligaments were added manually according to anatomy and literature. The material models able
to simulate the behavior of tissues during the impact loading condition were considered. Initial/
boundary conditions, loads, contacts, interactions, and controlling parameters were applied
according to the literature. By varying the corresponding variables in the model, the effects of
body configuration, impact velocity, flooring material, trochanteric soft tissue stiffness, and bone
loss on the risk the acetabular fracture were investigated.
Results of the current study showed that the effects of body configuration, impact velocity, and
bone loss on the risk of acetabular fracture are substantial. However, the effects of flooring
material and trochanteric soft tissue stiffness remained marginal. This study suggests a horizontal
trunk and femur at the impact, the impact velocity higher than 3.17 m/s, and severe bone loss
increase the risk of acetabular fracture considerably.
In conclusion, it appears that among studied biomechanical factors, those related to the bone
quality and kinematics of the fall have a significant effect on the risk of acetabular fracture.

Keywords: bone failure, finite element method, low-energy acetabular fracture,
osteoporosis, sideways fall

Khakpour, Shahab, Matalaenergisten lonkkamaljan murtumien monikomponenttinen elementtianalyysi. Lantion murtumamekanismin laskennallinen
tutkimus
Oulun yliopiston tutkijakoulu; Oulun yliopisto, Lääketieteellinen tiedekunta; Medical Research
Center Oulu; Oulun yliopistollinen sairaala
Acta Univ. Oul. D 1659, 2022
Oulun yliopisto, PL 8000, 90014 Oulun yliopisto

Tiivistelmä
Luukato eli osteoporoosi lisää merkittävästi luunmurtuman riskiä. Kaatuminen on tärkein osteoporoottisten murtumien syy ikääntyvillä. Matalaenergisten lonkkamaljan murtumien esiintyvyys
on kasvanut kehittyneissä maissa viime vuosikymmeninä. Useimmiten matalaenergiset lonkkamaljan murtumat ovat seurausta kaatumisesta. Kaatumisen aiheuttamien lonkkamurtumien
mekamismia on tutkittu runsaasti, koska niitä esiintyy enemmän ja niihin liittyy korkea sairastavuus ja kuolleisuus. Sen sijaan lonkkamaljan biomekaanista mekanismia on toistaiseksi tutkittu
vain vähän. Tämän väitöstutkimuksen tavoitteena oli arvioida erilaisten biomekaanisten tekijöiden vaikutusta matalaenergisen kaatumisen aiheuttaman lonkkamaljan murtuman esiintymiseen,
vakavuuteen ja murtumatyyppiin, kehittäen siihen soveltuvia luotettavia, kustannustehokkaita
elementtimalleja.
Elementtimallit perustuivat tietokonetomografiakuviin (TT), jotka oli valikoitu laajasta kliinisestä aineistosta edustamaan sellaisten miesten mediaania, joilla ei ole lonkkamaljan murtumaa. Luut ja pehmytkudos rekonstruoitiin suoraan TT-kuvista. Rustokudos ja nivelsiteet lisättiin manuaalisesti niiden anatomian ja kirjallisuuden perusteella. Materiaalimallit valittiin niin,
että niillä voidaan simuloida kudosten käyttäytymistä törmäyskuormitustilanteessa. Alku- ja reunaehdot, kuormitukset, rajakontaktit, vuorovaikutukset ja säätöparametrit valittiin kirjallisuuden
perusteella. Kehon asennon, törmäysnopeuden, lattiamateriaalin, pehmytkudoksen jäykkyyden
ja luukadon vaikutusta lonkkamaljan murtumariskiin tutkittiin vaihtelemalla kyseisiä muuttujia.
Tutkimuksen tulokset osoittivat, että kehon asento, törmäysnopeus ja luukato vaikuttavat
oleellisesti lonkkamaljan murtumariskiin. Sen sijaan lattiamateriaalin ja pehmytkudoksen jäykkyyden vaikutus jäi vähäiseksi. Tutkimuksen perusteella törmäyshetkellä vaakasuorassa olevat
vartalo ja reisi, yli 3,17 m/s törmäysnopeus sekä merkittävä luukato lisäävät huomattavasti lonkkamaljan murtumariskiä.
Loppupäätelmänä voidaan todeta, että tutkituista suureista niillä, jotka liittyvät luun laatuun
sekä kaatumistapahtuman kinematiikkaan, on merkittävä vaikutus riskiin saada lonkkamaljan
murtuma.

Asiasanat: elementtimenetelmä, kaatuminen,
lonkkamaljan murtuma, osteoporoosi

luunmurtuma,

matalaenerginen
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1

Introduction

The role of the pelvis in locomotion, childbirth, and support of abdominal organs
is physiologically significant (Desilva & Rosenberg, 2017). Three major bony parts
of the pelvis (ilium, pubis, and ischium) meet and solidify during childhood to form
the acetabulum, which acts as a socket for the head of the femur (Tortora &
Derrickson, 2018). In recent decades, while the incidence of hip or proximal femur
(PF) fracture has decreased (Coveney et al., 2020; N. Korhonen et al., 2013; C.
Zhang et al., 2020) among the elderly population, the incidence of acetabular
fracture has escalated substantially 2.4-fold (Derek Butterwick,Steve Papp,Wade
Gofton,Allan Liew, 2015; Kannus et al., 2015; Lundin et al., 2021) in developed
countries such as Finland and the United States. The mechanism responsible for
this change in the incidence of PF and acetabular fractures remained underexplored.
Bone fracture occurrence generally depends on trauma intensity and bone
strength (Cummings & Eastell, 2020). The leading cause of bone fractures among
young individuals is the excessive magnitude of loading during a high-energy (HE)
trauma such as a motor vehicle accident, falling from a height, or striking objects
(Ferguson et al., 2010; Fife & Barancik, 1985). On the contrary, the incidence of
bone fracture among elderly people is mainly due to the inadequacy of bone
strength to withstand typical loads such as falling from a standing height (Ferguson
et al., 2010; Sànchez-Riera & Wilson, 2017) and age-related physiological changes
(Rubenstein, 2018).
Falls claim 646,000 lives around the world annually (WHO, 2018) and fallinduced death numbers surge exponentially with aging, especially after the age of
80 (WHO, 2007). Falls are the leading cause of morbidity and mortality among the
elderly population (Fleming et al., 2008; Zijlstra, 2007), especially those aged 65
and above (Ambrose et al., 2013; Tinetti & Kumar, 2010). The risk of falling
increases considerably with aging. Many intrinsic (such as declined balance, vision,
and cognition as well as cardiovascular, dementia, and depression conditions) and
extrinsic (such as medication) risk factors of falls are associated with aging
(Ambrose et al., 2013). Besides mortality and morbidity, falls impose a high
economic burden on healthcare systems. Among the biomechanical risk factors, the
fall direction has a significant role in PF fracture incidence (Nankaku et al., 2005).
For instance, 1.5% of the direct costs of European countries’ healthcare are
dedicated to fall-related injury management (Ambrose et al., 2013).
Since the associated costs and mortality rate of PF fractures are higher than
other bone fractures among elderly individuals, PF fractures have been studied
17

widely (O. Johnell & Kanis, 2004) in comparison with acetabular fractures, and the
biomechanics of low-energy (LE) acetabular fractures have rarely been studied
(Shim et al., 2010). Since half of the acetabular fractures among geriatric
individuals result from falls from a standing height (Ferguson et al. 2010), the study
of acetabular fractures resulting from an LE fall could be beneficial. Falling from
a standing height can be categorized based on fall direction. In comparison with
forward and backward falls, the risk of PF fracture in sideways falls is 6-fold higher
(S. Robinovitch et al., 2003). Since during a sideways fall, the greater trochanter
hits the ground and the impact force is transferred toward the hip joint, it seems that
similar to the PF, the risk of acetabular fracture is higher in the sideways fall.
Low energy PF fracture mechanisms resulting from a sideways fall have been
studied comprehensively through a broad range of fall experiments such as
natural/strapped falls or inverted pendulum and computational methods such as
dynamic and finite element simulations (Nasiri Sarvi & Luo, 2017). The finite
element simulation is an ethical, reliable, and cost-effective way to study bone
fracture mechanisms. Computational tomography (CT) -based finite element (FE)
models have been successfully used in the prediction of PF fractures (Enns-Bray et
al., 2018; Fleps, Enns-Bray, et al., 2018; S. Majumder et al., 2004; Santanu
Majumder et al., 2008a, 2009).
This thesis studied the biomechanical factors contributing to the incidence,
severity, and type of acetabular fracture using computational simulations, in order
to increase understanding of the etiology behind the controversial trends in the
incidence of acetabular and PF fractures. In Substudy I, the effect of body
configuration on the ground reaction force and strain magnitude and distribution
was investigated by a comprehensive FE model. In Substudy II, by using more
advanced material models and the inclusion of trochanteric soft tissue, the effects
of impact velocity, flooring materials, and soft tissue stiffness were studied. Finally,
in Substudy III, by employing the same model as used in Substudy II and varying
the material properties of the cortical and trabecular bone, the effect of osteoporosis
on the risk and type of acetabular fracture was investigated. The results of these
studies were corroborated by previous experimental studies and discussed by
considering clinical evidence.

18

2

Review of the literature

2.1

Pelvic ring

The pelvic ring shape has significantly evolved over 6–7 million years (Desilva &
Rosenberg, 2017). The pelvic ring is almost symmetrical (Kurki, 2017), and the
general shape of the pelvis differs by gender. The female pelvis is more circular
and wider than the male, to enhance head engagement and parturition. The pelvis
has many notches and edges working as attachment sites for muscles, ligaments,
nerves, and fascial layers (Herschorn, 2004).
2.1.1 Anatomy and physiology of pelvic ring
The pelvic ring structure consists of two main parts: the pelvic girdle and the pelvic
spine. The pelvic girdle includes two innominate (hip) bones that are formed by
infusions of the ilium, ischium, and pubis during childhood (Kotarinos, 2016) (Fig.
1a). The ilium is located superior to the ischium and pubis and consists of a bigger
portion called the wing or ala and a smaller located inferiorly (Fig. 1b). The ischium
is the V-shaped part of the innominate bone (inferior posterior aspect) with two
major sub-regions: the body and the ramus (Fig. 1b). Owing to load-bearing duty,
the body of the ischium is heavy. The ischial ramus is divided into superior and
inferior parts (Spector, 1966). The thickened projection located at the posterior
surface of the superior ischial ramus and in the vicinity of the inferior ischial ramus
is called the ischial tuberosity (Retzky, 1996). The pubis is the anterior aspect of
the innominate bone and is similar to the ischium, in that it has two main regions:
body and ramus (superior and inferior) (Fig. 1b).The pubic ramus and ischial ramus
join inferiorly at the ischiopubic ramus (Kotarinos, 2016).
The pelvic spine is made of the sacrum and coccyx (Fig. 1a). The sacrum,
known as the “ keystone of the pelvic ring,” connects the vertebral column and the
two innominate bones and makes locomotion and load transferring possible
(Woodburne & Burkel, 1994). The coccyx is formed by the fusion of four
rudimentary vertebrae, which may be separated at birth and fuse later (Kotarinos,
2016).
Considering the pelvis as a whole, it can be divided by the pelvic brim (pelvic
inlet) into two divisions: the greater (false) and lesser (true) pelvis. The lesser pelvis
works like a basin and is the location of the pelvic viscera (Kotarinos, 2016).
19

(a)

(b)
Fig. 1. a) Pelvic ring bones and b) pelvic landmarks (Based on (Sadhoo, 2016)).

There are four joints between the pelvic bones: the sacroiliac (two joints), the pubic
symphysis, and the sacrococcygeal (Chaudhry et al., 2021) (Fig. 2). The sacroiliac
joint is located at the transition between the axial skeleton and the lower extremities
(Fig. 2). Whereas the sacroiliac joint is L-shaped with the highest coefficient of
20

friction among the diarthrodial joints to secure the stability of the pelvic ring
(Kotarinos, 2016), the mobility of the sacroiliac joint is much greater in women
(Vleeming & Stoeckart, 2007) to facilitate pregnancy and childbirth processes
(Eastcott, 1981). The pubic symphysis is a non-synovial joint placed at the superior
rami of the pubic bones that reach each other with a gap between them (Zuoping
Li et al., 2007) (Fig. 2). Although the displacement at the pubic symphysis is limited,
it can move more freely than the sacroiliac joint (Kotarinos, 2016). The pubic
symphysis is articulated with a network of ligaments (Budak & Oliver, 2013). The
sacrococcygeal joint is placed at the bottommost part of the sacrum and the base of
the coccyx (Fig. 2). The sacrococcygeal joint is located between the apex of the
sacrum and the base of the coccyx (Kayalioglu, 2009) and is free to move during
childhood. It fuses during adulthood around the fourth to eighth decades of life
(Vleeming & Stoeckart, 2007).
In addition to four joints of the pelvic ring, there are two more joints formed
by pelvic connection to the upper and lower extremities: the lumbosacral and hip
joints. The connection between the fifth lumbar vertebrae (L5) and the first sacral
vertebrae (S1) is called the lumbosacral joint (Fig. 2). Similar to other vertebral
joints, the lumbosacral joint consists of the intervertebral disc, the synovial facet,
and supporting ligaments, but it has a much larger and thicker disk to facilitate a
great deal of motion (Kotarinos, 2016). The acetabulum (cotyloid of the hip bone)
in conjunction with the femoral head creates a synovial joint called the hip joint
(Harty, 1984) (Fig. 2). The acetabular cartilage is horseshoe-shaped (Conaghan et
al., 2010). The hip joint is filled with synovial fluid and enveloped by a membrane
(synovium). Several ligaments limit the relative motion of the innominate and
femur bones (Conaghan et al., 2010).
Various types of cartilaginous tissue can be found in the pelvic area. The
sacroiliac joint contains two types of cartilage: articular cartilage on the sacral side
and fibrocartilage on the ilium side (Zheng et al., 1997). The interpubic disc is also
made of fibrocartilage and is sandwiched by the articulated surfaces of pubic bones,
which are covered by articular cartilages (Becker et al., 2010). The pubic symphysis
is made of the interpubic fibrocartilaginous disc, which is covered by pubic
ligaments (Zuoping Li et al., 2007). Similarly, there is an intervertebral disc in the
sacrococcygeal joint (Kayalioglu, 2009). The lumbosacral joint, like the lumbar
vertebral joints, has an intervertebral disc located at the articular surfaces (hyaline
cartilage) of L5 and S1 (Kayalioglu, 2009). The hip joint includes two articular
cartilages: acetabular and femoral head (Allen et al., 2010; Mansour, 2008).
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Fig. 2. Pelvic ring joints.

The common iliac artery divides into internal and external iliac arteries, the first of
which supplies oxygenated blood to the pelvic viscera (bladder, urethra, etc.).
Similarly, venous drainage is performed by the internal iliac vein. The pelvic
muscles are controlled by nerves supplied by the sacral plexus from L4 through S4.
The pelvic muscles (28 muscles) fall into two categories: the levator ani and the
coccygeus. The levator ani muscles include the pubococcygeus, puborectalis, and
iliococcygeus, and coccygeus muscles originate at the ischial spines and extend to
the lateral aspect of the sacrum and coccyx (Chaudhry et al., 2021) (Fig. 3a). The
pelvic ring is fastened tightly by ligaments. Ligaments are connective tissues
(mostly made from collagen) that by connecting bone to bone, facilitate force
transmission and musculoskeletal motion (Buschmann & Meier Bürgisser, 2017a).
The pelvic ligaments include pubic symphysis, inguinal, ischiosacral, sacroiliac,
iliolumbar, lateral lumbosacral, and sacrococcygeal ligaments (Contributors, 2021)
(Fig. 3b).
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(a)

(b)
Fig. 3. Pelvic a) muscles and b) ligaments (Betts et al., 1934). Used under the CC-BY
license1.

1

Download for free at https://openstax.org/details/books/anatomy-and-physiology
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The general functions of the pelvic ring are structural support, contributing to
obstetrics, providing stability to facilitate different kinds of movement including
standing, walking, etc., and protecting several internal organs such as the urinary
bladder and the internal reproductive system (Chaudhry et al., 2021; Desilva &
Rosenberg, 2017). The bony pelvis, in cooperation with pelvic ligaments, bears the
superior weight of the human body. Also, the human pelvis provides anchor points
for other tissues and organs such as external reproductive organs and some muscles.
The pelvic cavity (the space inside the pelvic ring) is a housing space for many
tissues and organs such as the pelvic colon, rectum, arteries, veins, nerves, and
other types of soft tissues (Chaudhry et al., 2021). In addition to the contribution to
weight-bearing of visceral organs and support of internal reproductive organs,
pelvic colon, anus, and rectum, the pelvic floor muscles facilitate the rectal and
urogenital opening. Finally, the pelvic floor muscles retain intraabdominal pressure
during heavy activities such as lifting a weight or coughing (Chaudhry et al., 2021).
2.1.2 Biomechanics of pelvic ring
The pelvic ring is held tightly by its ligaments and the change in the shape of the
bony pelvis is almost restricted to its elastic deformation (Grechenig et al., 2021).
Therefore, a break in a region of the pelvic ring means a fracture or dislocation in
another region (Tile, 1988). The role of the posterior part of the pelvic ring in the
load-transfer mechanism is bold (Dolati, 1993; Tile et al., 2015), and since the L5
is connected via ligaments to the posterior side of the pelvic ring, it is considered a
functional part of the pelvis (Dolati, 1993). The contribution of the anterior parts
of the pelvic ring (including pubic symphysis) is limited in comparison with the
posterior region (Khurana et al., 2014).
The pelvic ring provides both static and dynamic stabilities. The static
stabilities are secured by the bony structures and the dynamic stability by soft tissue
including muscle, ligaments, and tendons (Grechenig et al., 2021). It is worth
mentioning that the bony parts have no intersonic stability and it is primarily
provided by the muscle and ligaments of the pelvic ring.
The pelvic bone has evolved in a way to withstand large forces (Dalstra &
Huiskes, 1995). The load-transfer mechanism by the pelvic ring is determined by
the type of loading. Almost all of the applied load to the pelvic ring can be
categorized into three different groups: upper or lower extremity loads, which may
include the upper body (or lifted object) weights and the ground reaction force,
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muscle forces, and the external load such as impact loads resulting from falling on
the ground or during a motor vehicle accident.
The upper body or a held object weight is transferred via the lumbosacral joint
to the sacrum. This load passes through the sacroiliac joint, and transfers via the
innominate bone (mostly the posterior acetabular column), and is finally moved via
the hip joint toward the legs (Grechenig et al., 2021; Snijders et al., 1993b). The
ground reaction force is transferred oppositely. A portion of the loading transfer is
handled by the soft tissue covering the bony parts.
During daily activities such as walking, jumping, or standing up, the muscle
forces are applied to the pelvic ring (Marie & Avni, 2017). In addition to the applied
active forces (muscles), the passive loads are applied by the ligaments (Snijders et
al., 1993a).
In addition to ordinary loading, the pelvic ring is subjected to traumatic loading
during low or high energy events such as falling from a standing height (Santanu
Majumder et al., 2007, 2009) or a motor vehicle accident (Shim et al., 2010). The
transferred load direction depends on the loading direction. For instance, while
during a front-end car accident the passenger’s knee hits the car dashboard, and the
impact load transfers via the hip joint to the posterior side of the pelvic, in the case
of a sideways fall, the greater trochanter of the femur hits the ground and the impact
load passes the hip joint and affects the inferior and posterior parts of the
innominate bone simultaneously (Fleps, Enns-Bray, et al., 2018; Santanu
Majumder et al., 2007; Shim et al., 2010).
Biomechanics of bone
Bone has distinctive structural and biomechanical properties at different scales
(Cullinane & Einhorn, 2002). Bone, as a composite material, consists of many
substances including fibrous protein, calcium phosphate crystals, collagen, water,
living cells, etc. (Currey, 2006). At the apparent level (as an anatomical unit), bone
has two major compartments: cortical (compact bone, with 80% of the bone mass)
and trabecular (spongy bone, consists of 20% of the volume bone + bone marrow
and fat) bones (Ott, 2018). The bone’s structural properties are critical in
determining the overall bone behavior (Cullinane & Einhorn, 2002). While the
cortical bone has a critical role in bone strength, the trabecular bone transfers the
mechanical loads and absorbs shocks (Ott, 2018).
Bone, like other human body parts, is subjected to complex loading that can be
resolved in tension, compression (two forces directed toward each other along the
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same line), and shear forces (two forces in the opposite direction acting in the
parallel). Bending produces all three kinds of the above-mentioned loading, and
torsion generates shear and tension or compression (Cullinane & Einhorn, 2002).
The mechanical properties of cortical and trabecular bones depend on the type of
loading. For instance, while the modulus of the elasticity of the cortical bone (mid
femur) in the longitudinal tension/compression is 17 GPa, it is much less (3 GPa)
under the longitudinal shear loading (Cullinane & Einhorn, 2002).
In general, bone is an anisotropic (different mechanical properties at different
directions) material. For instance, overall bone stiffness along the bone length is
between 1.6 and 2.4 times higher than that perpendicular to it (Liu et al., 2000).
The cortical bone stiffness in the radial and circumferential direction is almost the
same and therefore it can be considered a transversely isotropic material (Morgan
et al., 2018). Also, the cortical bone exhibits different behaviors in tension and
compression (Enns-Bray et al., 2018). In tensile axial loading, the cortical bone is
an elastic-plastic material with a fracture strain of up to 3%, whereas under
compressive axial loading it behaves more like a brittle material (small plastic
deformation before failure) with a fracture strain of less than 1.5% (Morgan et al.,
2018). The cortical bone is even more brittle in the transverse direction. In general,
the cortical bone can bear a notable level of axial compressive loading and cannot
withstand tensile loads applied transversely (Morgan et al., 2018). For example,
while the ultimate strain for the cortical bone (mid femur) during longitudinal
compression is 193 MPa, it is about 33 MPa under transverse compression
(Cullinane & Einhorn, 2002). Like the cortical bone, the trabecular bone can
withstand a higher magnitude of compressive loads than tension and shear. This
behavior is positively correlated to the magnitude of the trabecular apparent density
(Keaveny, Wachtel, Ford, et al., 1994). Whereas the fracture strain in tensile loading
for the trabecular bone is around 0.7%, the trabecular bone can tolerate a huge
compressive strain (up to 50%) before fracture (Morgan et al., 2018). The
trabecular bone is highly anisotropic and although it is treated frequently as a linear
elastic material, the stress-strain curve of the trabecular bone does not have a
definite yield point (Morgan et al., 2000).
Bone is a viscoelastic (strain rate dependent) material. It means that the
mechanical properties of bone, such as strength and modulus, vary by the strain
rate (Morgan et al., 2018). Although in the range of daily activities the strain rate
change (0.1-1 1/s) does not have a notable effect on the mechanical properties of
the cortical bone, during high strain rate events (10-30 1/s) such as impact loading,
the cortical bone becomes very brittle and prone to fracture (Zioupos et al., 2008).
26

Likewise, the trabecular bone exhibits nonlinear viscoelastic properties such as
stress-relaxation and creep responses (Bowman et al., 1994; Burgers et al., 2009).
While the cortical bone can be considered homogenous (Osterhoff et al., 2016),
the trabecular bone is highly heterogenous. The heterogeneity affects the local
mechanical properties of the trabecular bone (except for the yield strain)
considerably (Morgan et al., 2018). For example, the strength and elastic modulus
within a single epiphysis can be altered by 100- and 5-fold, respectively (Goldstein
et al., 1983). A wide range of elastic modulus (10-3,000 MPa) (Ciarelli et al., 1991;
Morgan & Keaveny, 2001) and strength (0.1-30 MPa) (Carter & Hayes, 1976;
Morgan et al., 2003) has been reported for the trabecular bone. Trabecular bone
heterogeneity at the microstructure level affects the whole tissue strength (Li.
Mosekilde et al., 1987) and also elastic modulus (Ciarelli et al., 1991). To study the
trabecular bone as a whole, the density can be measured through different methods
such as volume fraction or ash, tissue, and apparent densities (Morgan et al., 2018).
The spatial distribution of the trabecular bone in the form of struts and plates is
called the trabecular architecture and can be measured by peripheral Quantitative
Computed Tomography (QCT), micro-computed tomography, and micro-magnetic
resonance imaging techniques. Porosity affects the mechanical properties of both
the trabecular and cortical bone considerably (Morgan et al., 2018). Whereas in the
case of the trabecular bone, porosity is linked to the mechanical properties by
volume fraction, for the cortical bone it has been shown that porosity significantly
reduces the elastic modulus, fracture toughness, and compressive ultimate stress
(Behrens et al., 1974; Schaffler & Burr, 1988; Ural & Vashishth, 2007).
Biomechanics of pelvic soft tissue
Ligaments are passive structures that work under tension (Amis, 2004). From a
mechanical perspective, ligaments are extremely nonlinear, viscoelastic, and
anisotropic (C. Silvestri & Ray, 2009). Therefore, ligaments work like a system of
nonlinear tension-only springs and dashpots (Fleps, Enns-Bray, et al., 2018; Chiara
Silvestri, 2008) with ultimate tensile strength equal to 36 MPa (Amis, 2004) and
ultimate tensile strain of 9–18% (Maciel, 2014). The average elastic modulus and
ultimate strength range for ligaments are 1–2 GPa and 50–150 MPa (Maciel, 2014).
The function of pelvic ligaments is critical in pelvic ring integrity, joint stability,
load transfer, and body kinematics (Rivaux et al., 2013). Although the pelvic
ligaments are very stiff, during traumatic events, pelvic ligament rapture is possible
(C. Silvestri & Ray, 2009). It is known that the biomechanical properties of the
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ligaments after rupture and rehabilitation are enhanced in comparison with native
ones (Buschmann & Meier Bürgisser, 2017b).
Articular (hyaline) cartilage is a biphasic medium that facilitates a smooth
connection during load transmission to its underlying (subchondral) bone (Sophia
Fox et al., 2009). Eighty percent of the articular cartilage wet weight is due to the
fluid phase (Sophia Fox et al., 2009). The solid phase consists of the extracellular
matrix, which is porous and permeable (Ateshian et al., 1997; Mow et al., 1984).
The articular cartilage can bear cyclic loads without being damaged (Buckwalter,
1998). This feature is provided by the frictional dissipating mechanism through the
pour-out and flow-back of the fluid phase within the extracellular matrix (Frank &
Grodzinsky, 1987; Mow et al., 1984; Wong & Hunziker, 2001). The articular
cartilage is a viscoelastic material in normal loading conditions. The viscoelasticity
of the articular cartilage is due to the biphasic behavior (Mow et al., 1980) and
macromolecular motion (W. Hayes & Bodine, 1978). The collagen fibers make the
articular cartilage resistant to shear and tensile loadings (W. Hayes & Mockros,
1971).
The mechanical properties of fibrocartilage are somewhere between the dense
fibrous connective tissue (like the tendon) and the articular cartilage. Fibrocartilage
is anisotropic material that can bear tensile and compressive loading very well
(Benjamin & Evans, 1990). The tensile strength of the fibrocartilage is about 10
MPa (Evans, 1971). Fibrocartilage can be elongated up to 13% before rupture
(Evans, 1971). In compression, the strength of fibrocartilage is similar to articular
cartilage but is less stiff (Benjamin & Evans, 1990).
The triradiate physeal cartilage (placed at the primary ossification centers of
the ilium, ischium, and pubis) begins to narrow first (puberty) and in the second
decade of life (15th–18th year), it disappears by forming the composite innominate
bone (Peterson, 2007).
The bony pelvis is surrounded by several soft tissues such as muscle, tendon,
ligaments, bursae, fascia, and skin with very distinct mechanical properties. For
instance, the long-term shear modulus for fat and muscle is 6.71 and 0.051 MPa,
respectively (Bandak et al., 2001). Therefore, in many cases, the soft tissue
mechanical properties are measured as a whole (Fleps, Enns-Bray, et al., 2018;
Santanu Majumder et al., 2008a, 2009, 2013). In general, during the study of the
PF and pelvis, the soft tissue (as a whole) covering the bony parts can be considered
as an isotropic homogenous hyperelastic material (Santanu Majumder et al., 2007).
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2.2

Bone Fracture

Bone fracture is defined as a break in the bone that may cause injury to its
surrounding soft tissues (Parmet et al., 2004). Common types of bone fracture
include simple (break at one place), comminuted (at least three broken places),
open (broken bone tears the skin and becomes visible), closed (skin remains intact),
displaced (non-aligned broken pieces), and undisplaced (aligned broken pieces)
(Parmet et al., 2004). In addition, bone fracture types can be classified based on the
causal mechanisms or shape of the fracture such as transverse (a straight line across
to the bone), spiral (twisted bone), greenstick (bent and fractured bone, but not in
the form of separated pieces), stress (hairline shaped fracture as a result of dynamic
loading), oblique (diagonal fracture line), impacted (bone pieces are jammed
together), segmental (one or more separated bone pieces between two breaks), and
avulsion (bone pulled out by ligament force) (South Shore Orthopedics, 2020).
2.2.1 Risk factors and osteoporosis
The risk factors of bone fracture are site-dependent. This means that the risk factors
can be different for different bones. For instance, the bone fracture risk factors for
PF and proximal humerus are rather similar, while they are different from the risk
factors for other sites such as the foot or vertebrae (Kelsey & Samelson, 2009).
Owing to the high incidence and associated mortality and morbidity, PF fracture
has been studied widely (Kelsey & Samelson, 2009). The risk factors of PF fracture
(which are mostly associated with aging) include low bone mineral density (BMD)
(Olof Johnell et al., 2005; Seeley et al., 1991; Stone et al., 2003), personal and
maternal history of the person suffering the fall and PF fracture, low body mass
index (BMI), greater height, low level of physical activities, type 2 diabetes, lower
limb dysfunction, visual deficiencies, cigarette smoking, and so on. In addition to
the mentioned extrinsic risk factors, some intrinsic risk factors such as PF
geometrical features are associated with PF fracture (Nguyen et al., 2004; Partanen
et al., 2001; Pulkkinen et al., 2004). In contrast, some factors such as menopausal
hormone therapy can be effective in the prevention of PF fracture (Kelsey &
Samelson, 2009).
The risk factors for pelvic fracture are similar to PF and the proximal humerus
(Kelsey et al., 2005), and falls in the frailty fracture category (Buhr & Cooke, 1959;
W.-C. Lee & Hsiao, 1996). For example, the number of previous fractures after 45
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years of age and a maternal history of PF fracture that are associated with low BMD
are risk factors for pelvic fracture.
Among the aforementioned risk factors, a low BMD seems to be associated
with many other risk factors for bone fracture. Osteoporosis (OP) is a clinically
silent metabolic disease that is diagnosed by a decrease in BMD and
microarchitectural deterioration of bone tissue (Compston et al., 2019; Lin & Lane,
2004). OP increases the risk of bone fracture significantly (Various, 1993) and
affects 200 million people around the world (Lin & Lane, 2004). Also, OP
considerably increases morbidity and mortality, especially in the case of PF and
vertebral fractures (Kado et al., 1999). Although according to WHO instruction an
osteoporotic bone is distinguished from a healthy one by using BMD (Compston et
al., 2019), it should be noted that a low BMD does not necessarily imply bone
fracture and it should be taken into account along with other risk factors (Schuit et
al., 2004; Siris et al., 2004). Causes of OP can be classified as primary and
secondary. Primary OP is divided into postmenopausal and senile (age-related)
subclasses. The secondary OP is generally related to medical complications such as
medication side effects, endocrine disorders, inflammatory arthropathy, and
chronic renal disease (Lin & Lane, 2004).
Risk factors of OP are generally classified as nonmodifiable, such as personal
or first-degree relative fracture history, Caucasian race, female sex, advanced age,
and modifiable, such as cigarette smoking, estrogen deficiency, alcoholism, and
sedentary lifestyle (Lin & Lane, 2004). OP is generally diagnosed by BMD
measurement methods such as Dual Energy X-ray Absorptiometry (DEXA) as the
gold standard (Slemenda et al., 1990) or QCT, or other imaging techniques such as
magnetic resonance imaging, CT scanning, and plain radiography (Lin & Lane,
2004).
2.2.2 Bone damage
Physiological loadings cause microdamage (deterioration in micro and nano scales)
in the bone (Martin, 2003) when the bone is subjected to fatigue or overloading
(Fondrk et al., 1999; Seref-ferlengez et al., 2015). Overloading the cortical bone
beyond the yield point leads to a rise in residual strain (Morgan et al., 2018). While
the porosity level in the cortical bone can be increased sharply (Kovacs, 2017), the
fatigue-induced microdamage propagation (Turnbull et al., 2014) and strength
(McCalden et al., 1993) of the cortical bone highly depend on it. Microdamage
reduces the elastic modulus of the cortical bone (Burr et al., 1998; Nicolella et al.,
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2011) and decreases its fracture toughness (ability to resist crack propagation)
slightly (Norman et al., 1998). It should be noted that an increase in microdamage
density does not necessarily imply an elevated risk of bone fracture. For instance,
linear microdamage can prevent the growth of a larger crack (Nalla et al., 2005;
Vashishth et al., 2000).
Similar to the cortical bone, as a result of overloading, microdamage forms in
the trabecular bone and ends up in the reduction in the apparent modulus of the
trabecular bone (Fyhrie & Schaffler, 1994; Morgan et al., 2018). Whereas damage
to the trabecular bone reduces the elastic modulus regardless of the applied strain,
the strength of a damaged trabecular bone declines only by exposure to a high strain
level (2.5% or more) (Keaveny, Wachtel, Guo, et al., 1994). Microdamage at the
tissue level happens when strain is over 1.6% (Jungmann et al., 2011). Since the
trabecular bone is extremely porous and irregular, even a low level of stress can
cause local yielding and consequently decrease the mechanical properties of the
trabecular bone at the macro-level (Tang & Vashishth, 2007). In the trabecular bone,
microdamage density is positively correlated with the lower volume fraction and
higher rod-like trabeculae (Arlot et al., 2008; Lambers et al., 2014). Damage
propagation in the trabecular bone is anisotropic and depends on the orientation
and thickness of the trabeculae (Shi et al., 2010).
2.2.3 Fracture mechanism
The cortical bone can be fractured due to excessive loading beyond the yield point
or repetitive (dynamic) loading in the range of elastic deformation (fatigue)
(Morgan et al., 2018). The fracture toughness for the cortical bone is lower when it
is loaded in the plane parallel with the osteons (Nalla et al., 2005) and high strain
rates compared with loading in the plane perpendicular to the osteons and low strain
rates (E. Zimmermann et al., 2014). The anisotropy in the fracture toughness of the
cortical bone has its roots in its tissue-level constitutive material and architecture.
For instance, the osteons in the cortical bone can deflect and twist the crack
propagation in the transverse plane much more easily than in the longitudinal
direction (Nalla et al., 2005). The repetitive loading deteriorates mechanically,
including the fracture toughness and strength of the cortical bone (Fletcher et al.,
2014; Pattin et al., 1996). Fatigue failure in the cortical bone is more likely in
tension and lower strain rates than under compressive loading with high strain rates
(Caler & Carter, 1989; Zioupos et al., 2001). The cortical bone’s ability to withstand
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multiaxial loadings such as impact as a result of a fall is less than when it is loaded
in the plane parallel with the osteons (George & Vashishth, 2006).
Because of the high degree of porosity and spatial heterogeneity, trabecular
toughness has not been measured widely (Morgan et al., 2018), although it seems
that fracture toughness depends on density (Cook & Zioupos, 2009). The trabecular
bone cannot bear repetitive compressive loading, even at a low level of force
magnitude (T. Moore & Gibson, 2004; Yamamoto et al., 2006). The residual strain
recovery in the trabecular bone happens much more slowly than the rate of the
applied load, which suggests the non-traumatic fracture happens due to a long-term
creep effect (Yamamoto et al., 2006). Microfracture of the trabecular is considered
as an accumulation of microdamages (Nagaraja et al., 2005; Yeh & Keaveny, 2001),
which are more frequent than microfractures (Nagaraja et al., 2005). Microfractures
at the trabecular level cannot be observed in the compressive strain of less than 2%
(A. Moore & Gibson, 2001). Through local trabecular bone failure, individual
trabeculae may behave nonlinearly and determine the failure pattern (Nagaraja et
al., 2005).
2.2.4 Effect of aging and diseases on the mechanical properties of
the bone
The mechanical properties of the cortical bone are substantially changed by aging.
By aging, the cortical bone becomes more porous and its mineral contents are
increased notably (Currey et al., 1996; McCalden et al., 1993). Also, microdamage
accumulation in the cortical bone takes place as a result of aging and increases the
risk of fracture (Zioupos et al., 2001). Aging affects the strength and fracture
toughness of the cortical bone notably. It was shown that the tensile and
compressive strength of the cortical bone decline by 2% and the fracture toughness
decreases by 4% per decade (Koester et al., 2011; Nalla et al., 2004). The effects of
OP and aging on the mechanical properties of the cortical bone are identical and
cannot easily be distinguished (Morgan et al., 2018). Diabetes, as a common
disease, negatively affects cortical toughness (Campbell et al., 2016; Nyman et al.,
2011). The mechanism of fracture (brittleness, toughness, and crack propagation)
in the cortical bone can be influenced by rare medical complications such as
osteogenesis imperfecta, Paget’s disease, and chronic kidney disease (Carriero et
al., 2014; Heveran et al., 2016; E. A. Zimmermann et al., 2015).
Aging changes the architecture of the trabecular bone extensively. Both volume
fraction and connectivity are decreased by aging and the trabeculae become thinner.
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Also, in some specific sites such as the vertebral body, the anisotropy of the
trabecular bone is increased (Ding et al., 2002; Lis Mosekilde, 1989). The decrease
in the modulus and strength by aging in the trabecular bone (10% per decade) is
more substantial than the cortical bone (Li. Mosekilde et al., 1987) and can be
linked to the decrease in trabecular bone density (Morgan et al., 2018). In the bigger
picture, aging influences whole bone properties. For instance, aging makes the
cortical bone thinner and decreases the bone cross-section, although it does not
necessarily mean a decrease in the moment of inertia (Ruff & Hayes, 1982).
2.2.5 Classification of pelvic fractures
Several classifications have been proposed for acetabular fracture (Lawrence et al.,
2013). Three of them have been used successfully: Orthopedic Trauma Association
(OTA)/Arbeitsgemeinschaft für Osteosynthesefragen (AO), Harris, and JudetLetournel. The OTA/OA scheme was developed initially for research purposes, but
it also received clinical applications (Scheinfeld et al., 2015). This method of
classification consists of nine acetabular fracture types with a different sorting but
based on the classification proposed previously by Judet-Letournel and adding
many subgroups to it (Au et al., 2016). The classification suggested by Harris et
al. (Harris et al., 2004) divides all the acetabular fracture types into three main
subcategories: single column fracture, both column fracture, and floating
acetabulum (separated acetabulum from axial skeleton completely. Owing to the
lack of diagnostic and clinical applications, this method of classification has not
achieved many successes (Lawrence et al., 2013).
Since every acetabular fracture type proposed by Judet and Letournel has a
specific surgical fixation approach, it has been used widely (Potok et al., 1995).
This classification divides all acetabular fractures into elementary and associated
groups (Fig. 4). Associated fractures are the result of a combination of two or more
elementary fractures (Letournel É et al., 1993). The elementary fractures consist of
a single column, a single wall, or a solely transverse fracture. On the other hand,
associated fractures involve at least three fracture fragments. It is worth mentioning
that 90% of all acetabular fracture incidences belong to five out of the ten types of
fracture possibility, proposed by Judet and Letournel as follows: posterior wall
fracture, T-Shaped, associated both columns, transverse, and transverse with the
posterior wall (Durkee et al., 2006; Eric Brandser; J. L. Marsh, 1998).
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Fig. 4. The Judet and L etournel acetabular fracture classification (adopted from
(Pagenkopf et al., 2006)).

2.3

Experimental studies of the proximal femur and pelvic fracture

Falls are the leading cause of injuries in elderly individuals (DeGoede et al., 2003)
and they can easily end up as PF fractures (Green et al., 2010). Due to the high
incidence, complex mortality and morbidity, and high economic burden (Boonen
et al., 2004; Huddleston & Whitford, 2001; Kannus et al., 2006; Phillips et al.,
1988), PF fractures have been investigated extensively (Nasiri Sarvi & Luo, 2017).
According to the falling direction, falls can be categorized as forward, backward,
and sideways (DeGoede & Ashton-Miller, 2002; S Majumder et al., 2006; Nasiri
Sarvi & Luo, 2017). Among the mentioned fall directions, sideways falls are
significantly correlated with a high risk of PF fracture (Greenspan et al., 1998).
Many researchers have tried to investigate PF fracture mechanisms experimentally
(Nasiri Sarvi & Luo, 2017). Considering the method of study, these studies can be
categorized as the inverse pendulum, pelvis release and drop-tower, mechanical
testing, and real-fall experiments.
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2.3.1 Cadaveric experiments
Mechanical testing of the proximal femur
Mechanical testing machine setups have been widely employed to study PF
fractures (Nasiri Sarvi & Luo, 2017). Eckstein et al. (Eckstein et al., 2004)
investigated the reproducibility of the structural strength of the PF measured by
mechanical testing. They concluded that the strength of the PF can be measured by
mechanical testing with an error of less than 15% for sideways fall configuration
and could be considered an efficient tool. In the mechanical testing experiments,
the soft tissue is dissected from the cadaveric femur and the bony part (femur) is
preserved under specific conditions before the test (X. G. Cheng et al., 1997). The
PF mechanical testing setup generally consists of a force plate (load cell), fixations,
and an impactor or a loader. The distal femur is fixed in some degrees of freedom
to prevent non-real-life movements. The femoral head or the greater trochanter of
the femur is placed on a fixation (generally rubber) to prevent unwanted slides
between the femur and the force plate. Finally, an impactor or a (quasi-static) loader
is considered to hit the greater trochanter or the femoral head (Bouxsein et al.,
1995). This method facilitates different femur configurations and provides valuable
knowledge concerning the bone fracture mechanism. The drop-tower is an
alternative way of mechanical testing. In this approach, the PF is configured and
fixed in the sideways posture and weight is dropped in a way that hits the greater
trochanter. Table 1 summarizes the relevant literature that studied PF fractures by
using the mechanical testing method.
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Table 1. Summary of selected studies using mechanical testing to study proximal femur
fracture.
Author

Investigated feature

Results

Bouxsein et al., 1995

Effect of BMD level and

A low BMD at the femoral neck and greater

femoral neck length on the

trochanter is strongly correlated with a lower PF

PF fracture

failure load.

Robinovitch et al.,

Effect of a high BMI on the

A higher BMI is associated with a thicker

1995

risk of PF fracture

trochanteric soft tissue. It is still insufficient to
protect the PF from fracture.

Cheng et al., 1997

Effects of anthropometric

BMD at the greater trochanter, the trochanteric

parameters and BMD level at cortical area, as well as femoral neck axis length
different sites of the femur on and width are strongly correlated with the overall

Lang et al., 1997

its strength

PF strength

To assess the relationship

BMD of the trabecular bone at the greater

between density and

trochanter is responsible for 87% of the variability

anthropometric variables with in femur strength during SFs
PF strength
Cheng et al., 1998

Correlation between BMD

The strongest correlations between BMD and bone

and bone strength of

strength can be seen primarily at the PF and the

cadaveric bone specimens

next step on the vertebra

harvested from different body
sites
Bouxsein et al., 1999

Correlation between PF

The heel quantitative ultrasound measurements

strength with those obtained

are strongly correlated with PF strength

from BMD and quantitative
ultrasound measurements
Relationship between PF

The fracture loads during a single-limb stance and

strength during single-limb

falling are linearly related, but not stronger than is

stance and SF

available between BMD and PF strength

Lochmüller et al.,

Relationship between the

Although there is a strong relationship between

2002

BMD of the lower limb and

BMD level at the femoral neck and lower limbs, no

Keyak, 2000

distal radius with the BMD of improvement in comparison when BMD level at the
the femoral neck, as the

distal radius was used

predictor of PF failure load
Heini et al., 2004

Effect of the injected

The proposed medication can be effective in

polymethylmethacrylate on

enhancement of the mechanical properties of the

the strength enhancement of osteoporotic PFs
the osteoporotic femurs
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Author

Investigated feature

Manske et al., 2006

Ability of magnetic resonance Cortical geometry measurements by magnetic

Results

imaging of the PF cortical

resonance imaging can be considered a promising

bone in the prediction of the

approach in the prediction of PF strength

PF fracture
de Bakker et al., 2009 Microscopic failure process

Zani et al., 2015

Superolateral neck of the femur is the critical place

of the PF during an SF

for initiation of the PF failure

Effect of SF direction on the

The direction of physiological loading and principal

principal strains axes and PF strain axes may vary up to 17° during different SF.
fracture occurrence

PF fractures are more likely during a posterolateral
fall.

Grassi et al., 2020

Simultaneous measurement

PF fracture mechanism: a compressive collapse of

of lateral and medial full-field the superolateral side of the femoral, followed by
deformation of PF during a

complete femoral neck fracture.

SF
Alanca et al., 2021

Effect of body anthropometry The risk of osteoporotic fracture of PF during a SF
in conjunction with bone

depends on the body anthropometry and bone

strength variation on the risk

strength simultaneously.

of PF fracture during a SF.
BMD: bone mineral density. BMI: body mass index. PF: proximal femur. SF: sideways fall

Inverted pendulum experiments
The idea for inverted pendulum experiments has its roots in the fact that during
sideways falls, the knee often hits the ground first and acts as a spherical hinge
causing the femur to rotate and hit the ground on its greater trochanter region
(Bhattacharya et al., 2019). In this method, the cadaveric specimen (comprising the
femur bone, which may also include the pelvic ring bones, non-impact side femur,
and the soft tissue surrogated by a similar material such as ballistic gel) is
constrained so that it rotates easily around the fixed knee joint in the coronal plane
to replicate the impact on the greater trochanter of the femur (Fleps, Enns-Bray, et
al., 2018). Table 2 summarizes the relevant literature that studied PF fractures by
using the inverted pendulum experiments.
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Table 2. Summary of selected studies using inverted pendulum experiments to study
proximal femur fracture.
Author

Investigated feature

Robinovitch et al., 1997

Measure the step response of PF Using single-degree-of-freedom Maxwell
to different force levels

Results
and standard linear solid models can
predict impact force with reasonable
accuracy

Sandler & Robinovitch,

Effect of lower extremity strength Training elderly people how to fall safely

2001

on impact force attenuation

and strengthening their lower extremities
through designed exercises would be
beneficial in the reduction of PF fracture
risk

Choi, Cripton,

Effect of PF abductor muscle

PF abductor muscle contraction at the

Robinovitch , 2015

force and the applied boundary

impact moment and landing on the knee

condition on the stress

can reduce the risk of the femoral neck

concentration within the femoral

fracture considerably

neck
Choi, Wakeling,

Comparing the inverted

Inverted pendulum method predicts a

Robinovitch, 2015

pendulum method with fall video

higher vertical impact velocity in

capturing

comparison with video capture systems

Developing a FE model

The proposed model can be used to

Predicting PF fracture precisely

differentiate the specimens with a high or

Fleps et al., 2018

low risk of fracture
Fleps et al., 2019

Assess the risk factors for PF

The proposed model can distinguish the

fracture such as areal BMD and

at-risk subject from others precisely

internal reaction forces within the
PF and pelvic joints
BMD: Bone mineral density. FE: finite element. PF: proximal femur.

Pelvic (acetabulum) fracture experiments
Due to lower incidence, pelvic (acetabulum) fracture has been investigated rarely
in comparison with PF (W. C. Hayes et al., 1996; Nasiri Sarvi & Luo, 2017; S N
Robinovitch et al., 1991). While acetabular fractures among elderly individuals are
mostly due to LE traumas (Culemann et al., 2010), they happen as a result of an
HE event such as motor vehicle accidents among youngsters (Gillispie et al., 2017).
Since the bone fracture parameters such as body configuration and direction of
impact differ between low and high energy events (Shim et al., 2010), the research
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conducted in the HE acetabular fractures area cannot be directly considered for the
study of LE acetabular fractures. Almost, all available studies have been focused
on the evaluation of fracture fixation performances and comparing the effect of
fixation in the restoration of the healthy joint loading parameters rather than the
mechanism of the fracture (Ferrante et al., 2021; Moktar et al., 2020; Su et al.,
2017). Owing to a lower incidence compared to the PF fracture and ethical
considerations, there is a knowledge gap in measurement (ex vivo or in silico) and
identification of the boundary conditions of LE acetabular fractures. Table 3
summarizes relevant literature that studied acetabular (pelvic) fractures
experimentally (cadaver or synthetic pelvis).
Table 3. Summary of selected experimental acetabular (pelvic) fracture studies.
Author

Investigated feature

Results

Cavanaugh Pelvic behavior during HE impacts

Maximum compression and maximum sled

et al., 1990 (fracture mechanism)

velocity are the best predictors of pelvic fracture

Goutlet et

Pelvic failure load after posterior wall

Adding accessory spring plates to the

al., 1994

fracture fixation (fixation functionality)

reconstruction plate can increase the failure load
significantly

Schopfer et Comparing the fixation methods used for There is no significant difference between the
al., 1994

posterior column acetabular (fixation

studied methods

functionality)
Simonian et Assess the effectiveness of different

Inferior and posterior plates provide the most

al., 1995

fixation methods for T-type acetabular

stability in the case of anterior and posterior

fracture (fixation functionality)

fracture lines, respectively

Changes in biomechanical factors after

Posterior acetabular wall fracture leads to an

S A Olson

et al., 1995 posterior acetabular wall fracture and

increase in the contact area, the maximum applied

fixation (fixation functionality)

pressure, and the contact force

Konrath et

Load transmission within a healthy,

There is no significant increase in the superior

al., 1998

created anterior acetabular wall fracture, acetabular pressure after the anterior acetabular
and after anatomical reduction and

wall fracture

internal fixation (fixation functionality)
Robert S

Effect of different frontal impact

Pelvic fracture force for the flexed-neutral position

Salzar et

scenarios on pelvic fracture (fracture

is considerably less than the extended, abducted

al., 2006

mechanism)

position
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Author

Investigated feature

Results

Song et al., Effect of the geometry, mass, and

While the effect of impactor surface shape is

2006

minor, in the iso-energy condition, the way of the

velocity of the impactor on the risk of

pelvic fracture during a high energy side- combination of the impactor mass and velocity can

Steven A

impact (fracture mechanism)

affect pelvic tolerance

Effect of calcium-phosphate cement

Using the studied cement in conjunction with

Olson et al., implementation in the posterior wall
2007

acetabular fracture fixation (fixation

internal fixation would enhance the joint’s natural
loading parameters

functionality)
R. S. Salzar Load distribution in a HE side-impact

The biggest share of impact is received by the

et al., 2009 (fracture mechanism)

anterior side of the pelvis during a side impact
Ilium can withstand the impact load better than the
acetabulum

Shim et al., Effect of loading conditions (frontal

The proposed FE model can replicate the results

2010

of the experimental fracture study

impact and SF) on pelvic fracture
(fracture mechanism)

Xin-wei et

Using a 3D memory alloy fixation for

The proposed fixation system can restore the

al., 2010

posterior wall acetabular fracture

healthy joint-loading parameters to some extent

(fixation functionality)
Masson et

Effect of gender, BMD, and pelvic

While BMD level was not significantly different

al., 2010

anatomy on the risk of pelvic fracture

between genders, the retropubic angle and the

(fracture mechanism)

fracture load were significantly higher in females
and males respectively

Kerrigan et Pelvic injuries caused by vehicleal., 2012

Using post-mortem surrogates due to inactive

pedestrian impact (fracture mechanism) musculature may result in a higher severity of
pelvic injury in comparison with case studies

Gras et al., Differences between the various screws Titanium is suggested as the strongest (similar to
2012

and standard plate fixation on the

standard fixation plate) screw type and using an

anterior acetabular fracture (fixation

infra-acetabular screw to achieve a better fixation

functionality)
Marintschev Using a locking screw and the role of

Despite the used plate system, adding infra-

et al., 2012 modified screw placement within the

acetabular screw placement increases the fixation

infra-acetabular corridor (fixation
functionality)
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strength considerably

Author

Investigated feature

Results

Y. Zhang et Strength of three common fixation

There is no significant difference between the

al., 2014

methods for posterior acetabular wall

conventional methods. All of the studied fixation

fractures (fixation functionality)

methods provide similar and sufficient stability for
the management of unstable posterior acetabular
wall fractures.

Y. Zhang et Comparing the ability of interfragmentary There is no substantial difference in providing
al., 2014

screws and a reconstruction plate in the sufficient stability between the considered fixations
fracture stabilization (fixation
functionality)

Gillispie et

Biomechanical difference between

Including the intrapelvic plate enhances the plastic

al., 2017

intrapelvic and extrapelvic fixation

energy as well as the yield and maximum force

(fixation functionality)

significantly.

Su et al.,

Four conventional fixation constructs in

W-shaped acetabular angular plate is the best

2017

the management of the posterior column method for providing stability and partially
acetabular fracture (fixation functionality) restoring the PF joint loading parameters.

Su et al.,

Using a W-shaped acetabular angler

Proposed fixation can yield enough stability and

2017

plate on the stability of the posterior

restore the joint loading parameters partially

column acetabular fracture (fixation
functionality)
Spitler et

Finding the most stable fixation for the

The strongest fixation can be achieved by using

al., 2017

anterior column posterior

independent lag screws across the anterior

hemitransverse acetabular fracture

column in conjunction with a pelvic brim

(fixation functionality)
Chen et al., Evaluate the biofidelity of the Total

Anthropometric compatibility checking during the

2018

finite element validation should be considered

Human Model for Safety (fracture
mechanism)

Tse et al.,

Pelvic orientation effect on the risk of

An upright initial seated posture can mitigate the

2020

fracture during blast loading applied to

risk of pelvic injuries

the posterior side of the pelvis (fracture
mechanism)
Alfonso et

Assessing the possibility of malreduction Using a pre-contoured quadrilateral surface

al., 2020

followed by a specific fixation systemin

buttress solely may result in malreduction and

transverse acetabular fracture (fixation

should be used in combination with the columnar

functionality)

lag screw

BMD: bone mineral density. HE: high energy. LE: low energy. FE: finite element. PF: proximal femur.

41

2.3.2 In vivo human experiments
PF fracture studies involving human subjects are ethically possible when they are
done generally, dealing with young volunteers in controlled fall conditions. One of
the best approaches is pelvis release experiments which have been used for three
decades (S N Robinovitch et al., 1991). In this method, the study participant is
asked to lay on their side on a compliant mattress placed on a force plate. The
volunteer’s waist area is pulled up by a strap system fastened around their PF
(greater trochanter). This strap is released by a mechanism controlled by the
researcher and falling is generally captured by a motion computer system (Bhan et
al., 2014).
real fall experiments are generally done on young healthy subjects using a force
plate placed on a thick mattress and a motion capturing system. These kinds of
experiments can, according to the scenario, be categorized into free (relaxed) and
active (controlled) falls initiated from different heights (standing or kneeling). In
the free-fall experiments, the participant is asked to relax their muscles or to stand
on an inclined plane while holding a strap that would be released without prior
notice. In the case of active fall experiments, the volunteer may use an outstretched
hand or kneeling technique to break the fall. In this case, muscle activation may
also be included (Aya J. Van Den Kroonenberg et al., 1996; van der Zijden et al.,
2012). Table 4 summarizes relevant in vivo studies focusing on the acetabular
(pelvic) and PF fractures by using pelvis release or real-fall methods.
Table 4. Summary of selected in vivo acetabular (pelvic) and proximal femur fracture
studies.
Author

Investigated feature

Results

(Method of Study)
S N Robinovitch Relationship between the effective

Any magnitude of impacts exerted on the

et al., 1991

stiffness and damping of the body and

greater trochanter can lead to PF fracture in

the magnitude of the lateral impact on

elderly people

the PF (pelvis release)
Aya J. Van Den Fall dynamics in real falls (real fall)

Mean impact velocity, trunk angle, and the

Kroonenberg et

effect of the type of fall (relaxed vs. muscle-

al., 1996

active) were introduced. Also, most fallers
were unable to break the fall and PF impact
happened first.

Wilson C. Hayes Effect of muscle activation on the peak

Muscle activation increases the impact force

et al., 1996

notably in comparison with relaxed SFs
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impact force during SF (real fall)

Author

Investigated feature

Results

(Method of Study)
Hsiao &

Find an effective strategy in the

Human natural response to the perturbations

Robinovitch,

prevention of proximal fracture due to

causing falls is not random and is a kind of

1997

falling (real fall)

series of responses to facilitate safe landing

Sabick et al.,

Effect of fall breaking and muscle

Impact force resulting from an active muscle

1999

activation during an SF from kneeling

or a relaxed fall does not differ significantly.

position (real fall)

Also, breaking the falls reduces the impact
force and can be effective in the prevention of
PF fractures.

Stephen N

Effect of the horizontal and vertical

Robinovitch et

excursion of the center of gravity during moves quickly posteriorly relative to the ankle)

al., 2000

the descent phase of fall on the impact

can lead to a severe impact, similar to falling

velocity and kinetic energy of the body

from a great height

A large horizontal excursion (when the knee

(real fall)
Stephen N

Two different strategies (rotating

There is no significant difference between

Robinovitch et

forward vs. backward) recommended

these methods, although backward rotating is

al., 2003

for the reduction of PF impact force

associated with a greater pelvis impact

during SFs (real fall)

velocity and whole-body kinetic energy in
comparison with the forward rotation

Stephen N

Effect of squatting on the reduction of

Employing the squat technique in the early

Robinovitch et

impact velocity during a backward fall

stages of the descent phase can lead to a

al., 2004

from an inclined position (real fall)

substantial decrease in impact velocity

Groen et al.,

Effect of using breaking fall action

Martial techniques reduce the impact velocity

2007

including martial techniques on impact

and force substantially and the trunk

velocity and trunk orientation (real fall)

orientation is more horizontal in comparison
with relaxed falls

Feldman &

Effect of using hands and stepping in

Robinovitch,

avoiding the impact on the PF (real fall) postpone the PF impact time and lead to a

Using hands and stepping prior to impact
considerable decrease in impact velocity

2007

during an SF
Weerdesteyn et Effect of the implementation of martial

Even brief training in using martial arts during

al., 2008

arts in partially trained naive subjects

SFs can substantially reduce the impact force

on the PF impact force and velocity

on the PF

(real fall)
Groen et al.,

Effect of employing martial techniques

Martial techniques can help elderly people to

2010

by elderly individuals on the PF impact

reduce the PF impact velocity and fear of

force (real fall)

falling considerably
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Author

Investigated feature

Results

(Method of Study)
van der Zijden et Effects of fall techniques, falling height, Using martial arts techniques change body
and flooring material on the impact

configuration and reduce the impact force

force during controlled (martial

substantially when the SF is initiated from a

technique) SFs (real fall)

standing height

Stephen N

Fall initiation in real life through

Leading cause of falls among elderly people is

Robinovitch et

analyzing the captured videos in long-

incorrect weight shifting, not base-of-support

al., 2013

term care (real fall)

perturbation, and standing and transferring are

al., 2012

more associated with the risk of falling than
walking
Levine et al.,

Effect of BMD and gender on the

Whereas BMI was not significantly different

2013

impact force and pelvis strength (real

between genders, the effective pelvis stiffness

fall)

among males is greater than among females.

Ki Taek Lim &

Effect of femur configuration on the

Protective effect of the femoral soft tissue is

Choi, 2021

femoral soft tissue protective role

much greater in the posterolateral direction in

against PF fracture (pelvis release)

comparison with anterolateral fall, although
posterolateral fall is associated with a higher
impact force and risk of fracture

BMD: bone mineral density. BMI: body mass index. HE: high energy. LE: low energy. FE: finite element.
PF: proximal femur. SF: sideways fall.

2.4

Computational modeling of proximal femur and pelvic fracture

As discussed in the previous section, many researchers have conducted
experimental studies to investigate PF fracture mechanism, while the experimental
investigation of the pelvic fracture has rarely been done and the researchers
preferred to choose a computational approach like the finite element method (FEM)
(Santanu Majumder et al., 2008a; Renaudin et al., 1993; Jess G Snedeker et al.,
2005; Takahashi et al., 2010; Tanaka et al., 2018).
Finite element method and its application in bone biomechanics
Nowadays, FEM is widely used for research or industrial purposes. FEM consists
of several numerical procedures to find an estimated answer to the partial equations
governing the continuum (properties change gradually, not discretely) mechanics.
The ability of an FE model to provide a reasonable estimation of the exact answer
depends on its setup and structure. The main idea behind the FEM is dividing a
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real-world geometry into many interconnected parts called elements and turning
the governing partial differential equations into their weak (integral) form (Yang,
2018). In comparison with the finite difference method, FEM makes the inclusion
of non-linearities (geometrical, material, and contact) possible in complicated
physics.
FEM was used for the first time to investigate musculoskeletal biomechanics
in 1972 (Huiskes & Chao, 1983). Since then, several research groups have tried to
develop FE models of humans (full-body or specific organs) (Chand et al., 1976;
Maeno & Hasegawa, 2001; Parashar & Sharma, 2016; Schwartz et al., 2015). The
biomechanical application of the FEM in bone-related research can be classified as
stress-strain analysis, bone mechanical properties evaluation, bone fracture
mechanism, and evaluation of fracture fixation performance. Chand et al. (Chand
et al., 1976) through a finite element study, investigated contact stress at the knee
joint, and Basu et al. (Basu et al., 1985) developed a CT-based FE model to study
femoral stress during falling from a standing height. Bessho et al. (Bessho et al.,
2007) included the heterogeneity of the bone through a CT-based FE model to study
PF strength. Zysset et al. (P. Zysset et al., 2015) used QCT to map the patientspecific mechanical properties of bone into the FE model at the sites with the
highest incidence of osteoporotic fracture. Dall’ara et al. (Dall’Ara et al., 2013)
compared QCT and dual-energy X-ray absorptiometry and concluded that QCT is
more accurate in the estimation of bone mechanical properties. The load
corresponding to the ultimate strain of the bone can be considered as the fracture
load (strength). Many researchers used this approach to study the incidence of bone
fracture (especially in the case of PF) (Enns-Bray et al., 2018; Fleps, Enns-Bray, et
al., 2018; Santanu Majumder et al., 2007, 2008a; Van Den Munckhof & Zadpoor,
2014). Simon et al. (Simon et al., 1977) through an early FEM study, investigated
the performance of the internal plate and screw fixation. By employing FEM,
Saidpour (Saidpour, 2006) evaluated the substitution of stainless steel forearm
fixation plate with a novel fixation plate made from short carbon fiber reinforced
plastic.
Finite element modeling of the human body (particularly bone) has three main
steps: preprocessing, processing, and postprocessing. In the preprocessing stage, a
three-dimensional model of bone is reconstructed by using the medical images of
the subject such as CT and magnetic resonance imaging. In addition to geometry,
QCT imaging measures the apparent density of bone, which can be used in the
calculation of other mechanical properties of the bone. In addition to geometry
generation and material assignment, the modeled parts are meshed (dividing the
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geometry into very small pieces) with appropriate elements. After the meshing part,
according to the physics of the study, loads, initial, and boundary conditions are
defined and applied. Finally, the interactions and contact between parts, type of
simulation (implicit, explicit, etc.), and control parameters are defined. Popular
FEM packages such as ANSYS, ABAQUS, and LS-DYNA convert all of the
applied data into an input file for the processor. In the second stage (processing),
depending on the size (number of elements and degree of nonlinearity) the input
file is solved by either a personal computer or a supercluster and the output files
are generated according to the user request during the preprocessing stage. At the
final stage (postprocessing), the output files are opened by the postprocessing
module to visualize the results in various forms such as stress-strain band plots and
history plots.
2.4.1 Simulation of the proximal femur and pelvic (acetabular)
fracture
Since the pelvic fracture mechanism has been investigated widely by using the
FEM, most of the studies dealing with pelvic fractures are devoted to investigating
HE traumatic events such as lateral car impact (Dawson et al., 1999; Zuoping Li et
al., 2007; Mo et al., 2018; J. Snedeker et al., 2003; Vavalle et al., 2013). However,
the mechanism of LE pelvic fracture has been rarely studied (Fleps, Enns-Bray, et
al., 2018; Santanu Majumder et al., 2009; Tanaka et al., 2018). Some of the related
PF and pelvic (acetabular) FE models are summarized in Table 5.
Table 5. Summary of selected proximal femur fracture and acetabular (pelvic) finite
element models.
Author

Investigated feature

Results

(Studied bone)
Renaudin et

Evaluating the application of the FEM in

FEM can be used successfully in the

al., 1993

HE and LE pelvic fracture studies

assessment of pelvic deformation range and

(Pelvis)

evaluation of injury risk

Besnault et

Replicating several experimental studies Anthropometric properties of the pelvis have a

al., 1998

of pelvic fracture by developing a FE

substantial effect on its behavior during lateral

model (pelvis)

impacts

Dawson et al., Study real-world accident conditions

Anterior-pelvis is more at the risk of fracture

1999

during a HE lateral impact
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(pelvis)

Author

Investigated feature

Results

(Studied bone)
Snedeker et

Effect of car hood shape on the risk of

Shape of the hood edge has a substantial

al., 2003

PF and pelvic fracture (pelvis and PF)

effect on the loading pattern and consequently
the risk of fracture

Van Rooij et

Mechanism of PF and pelvic injuring

Acetabulum, femoral head, and femoral shaft

al., 2004

during frontal car impact on the knee

are more prone to fracture than other

(pelvis)

structures

Majumder et

Interaction between the car door and

Using a properly thick shock-absorber material

al., 2004

human pelvic during a lateral vehicle

in the car door can help to prevent pelvic

impact (pelvis)

fracture

Kaku et al.,

Load and stress distribution within a

Pelvic coronal inclination happening after PF

2004

normal and inclined hemipelvis (sagittal

joint surgery may result in an insufficiency

and coronal) during walking (pelvis)

fracture of the pubic ramus

Anderson et

Develop a more detailed CT-based FEM Cortical thickness and trabecular local elastic

al., 2005

by considering the location-dependent

modulus strongly influence the cortical bone

cortical thickness and no homogeneity of strain
the trabecular bone (pelvis)
While the car hood design can affect the risk of

Snedeker et

Evaluate the different car-pedestrian

al., 2005

impact scenarios with different simplified PF and pelvic injuries, bone quality has a
car hood shapes (pelvis and PF)

greater role than car geometry

Snedeker et

Affecting factors on pedestrian pelvic

Incidence of pelvic fracture is associated with

al., 2006

fracture during lateral impact by a car

low BMD and low trabecular density, which can

(pelvis)

be seen widely among elderly people

Zuoping et al., Evaluating FE model response during HE Used material parameters in the FE model can
2006

impact (pelvis)

reasonably result in the replication of
experimental tests

Zuoping et al., Investigating PS injury caused by a

PS during a lateral impact is subjected to

2007

lateral impact during an automotive

complex loading, including lateral compression,

impact (pelvis)

posterior bending, and shear, and the pubic
ligaments experience a high level of stress.

Santanu

Simulating the automotive lateral impact

The proposed FE model can replicate the

Majumder et

on the pelvis (pelvis)

clinical findings regarding the pelvic fracture
during HE lateral impact

al., 2008a
Ruan et al.,

Simulating frontal impact to the knee

Shape of the impactor, angle of impact, and

2008

during an automotive accident (pelvis

the knee flexion angle are significant factors

and PF)

affecting the incidence of PF and pelvic
fracture
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Author

Investigated feature

Results

(Studied bone)
Majumder et

Pelvic fracture during a backward fall

Body configuration changes the body inertia

al., 2009

(pelvis)

and affects the peak impact force

Takahashi et

Biomechanics of pelvic injury during

Substantial contribution of upper body and

al., 2010

three different vehicle-pedestrian

contralateral lower extremities inertias in the

collision scenarios (pelvis)

pelvic fracture during a lateral car collision

Zheng-dong Li Studying pelvic injuring for forensic

PF, SI joint, superior/inferior pubic ramus are

et al., 2010

purposes (pelvis)

the areas with stress concentration

Shim et al.,

Validating an FE model intended for

The proposed FE model can replicate the

2010

study of the acetabular fracture during

experimental test with a synthetic pelvis

SF and frontal car crash (pelvis)
Ikeda et al.,

Internal load transmission during a lateral By modifying the pelvis model, different loading

2011

automotive-pedestrian collision (pelvis)

paths within the pelvis during different loading
configurations can be observed

Kim et al.,

Simulating pelvic fracture during a SF

2012

and evaluating its ability in fracture

Biofidelity of the proposed FE model is well

capturing (pelvis)
Vavalle et al., Evaluating the response of a full-body FE Proposed model was able to replicate thorax
2013

model in a driving position during various and abdomen injury, while it overestimated
HE lateral impacts (pelvis)

pelvic results

Ma et al.,

Evaluating a FE model sensitivity to

Considering a non-uniform cortical thickness

2015

pelvic cortical thickness, BMD, and

leads to a more accurate model and peak

loading configuration at SF (pelvis)

impact force

Vavalle et al., Validating a comprehensive full-body

The proposed FE model can reasonably

2015

human FE model in five locations,

replicate the experimental pelvic fracture

including the pelvis (pelvis)

resulting from the lateral impact on the pelvis

Mo et al.,

Muscle activity inclusion in a FE model of By exclusion muscle activity, a notable muscle

2018

lower limbs

Tanaka et al., Biomechanical mechanism responsible
2018

force applied to the PF is neglected
Compressive strain concentration at the upper

for supra-acetabular insufficiency fracture acetabulum increases the risk of acetabular
(pelvis)

fracture during walking and stair climbing

Fleps, Guy, et Filling the gap between the testing and

Proposed model by considering subject-

al., 2019

real-fall conditions of the PF fracture

specific impact loading can predict the

study resulted from an SF (PF)

incidence of PF fracture accurately

BMD: bone mineral density. BMI: body mass index. HE: high energy. LE: low energy. FE: finite element.
PF: proximal femur. SF: sideways fall.
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3

Aim of the thesis

Acetabular fracture is a serious health problem and is associated with morbidity
and mortality. The incidence of low-energy acetabular fracture, especially among
the geriatric population, has increased in developed countries in recent decades.
The mechanism responsible for this trend has remained underexplored. Therefore,
this study aimed to assess the effect of biomechanical factors contributing to lowenergy acetabular fractures by using the finite element method. The specific aims
were:
1.
2.

3.

To evaluate the effect of body configuration on the occurrence and type of
acetabular fracture.
To assess the effects of impact velocity, trochanteric soft tissue stiffness, and
the conventional indoor/outdoor flooring material on the type of acetabular
fracture and internal load transferring mechanism within pelvic ring joints.
To identify the effect of osteoporosis-related reduction in the mechanical
properties of trabecular and cortical bone on the type of acetabular fracture and
internal load transferring mechanism within the pelvic ring joints.
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4

Material and methods

To investigate the effects of different biomechanical factors on the occurrence and
type of acetabular fracture, three substudies were defined. According to the studied
factors, the complexity of the implemented assumptions and material models were
increased from substudy I to substudy III. The studied parameters presented in
Table 6 are discussed in more detail later on. In Substudy I, the effect of body
configuration at impact was investigated. To describe different body configurations
at impact, four angles were defined: trunk tilt angle (TTA – coronal plane), trunk
flexion angle (TFA – sagittal plane), femur horizontal (internal) rotation angle
(FHA), and femur (adduction) diaphysis angle (FDA). The first two angles define
the relative angle between the pelvis and femur and the latter two show the relative
angle between the ground and femur. The studied ranges for the angles are
presented in Table 6. In Substudy II, the effects of impact velocity (VImpact),
mechanical properties of the flooring material, and trochanteric soft tissue (TST)
stiffness were studied. The selected range for the VImpact covers both LE and HE
loading scenarios (Table 6). Also, six conventional indoor/outdoor flooring
materials, as well as a rigid ground, were included (Table 6). Finally, the TST
stiffness of a healthy human was increased by 26% in four consecutive steps (Table
6). In Substudy III, the effect of OP progression on the pelvis region was
investigated. The elastic moduli, apparent density, and other mechanical properties
of trabecular bone (ETrab-OP/ETrab-Normal), cortical bone (ECort-OP/ECort-Normal), and the total
bone (ETotal-OP/ETotal-Normal) were reduced gradually (representing OP progression)
(Table 6). While in Substudy I the model was kept as simple as possible, in
Substudy II and III more advanced material models and details were considered.
For this study, a register-based study permit (220/2017) was issued by Northern
Ostrobothnia Hospital District, Oulu, Finland. Before starting the study, all
sensitive data such as the names and addresses of patients were removed from the
CT image sets by an authorized person.
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Table 6. Simulated parameters and their range.
Study

Simulated parameters

Range

I

Body configuration
angles

TTA: 35°,40°,45°,50°
TFA: 0°,10°,20°,30°
FHA: 0°,15°,30°,45°
FDA: 0°,5°,10°,15°

II

VImpact, flooring
material, and TST
stiffness

VImpact: 580, 2140, 3170, 4310, 6070 mm/s.
Flooring material (thickness = 13 cm): Rigid,
ceramic tile, ethylene-vinyl acetate, linoleum,
concrete, plywood, asphalt pavement, agglomerated
cork.
TST stiffness: Baseline,
+6.5%,+13%,+19.5%,+26.0%

III

Osteoporosis
progression

ETrab-OP/ETrab-Normal: 0.670, 0.614, 0.538, 0.472, 0.406,
0.340.
ECort-OP/ECort-Normal: 0.835, 0.802, 0.769, 0.736, 0.703,
0.670.
ETotal-OP/ETotal-Normal: (0.670 & 0.835), (0.614 & 0.802),
(0.538 & 0.769), (0.472 & 0.736), (0.406 & 0.703),
(0.340 & 0.670).

TTA: Trunk tilt angle. TFA: Trunk flexion angle. FHA: Femur horizontal rotation angle. FDA: Femur
diaphysis angle. VImpact: Impact velocity. TST: Trochanteric soft tissue. E: elastic modulus.Trab: trabecular
bone. Cort: cortical bone. Total: Trab + Cort. OP: osteoporosis.

4.1

Preprocessing

The preprocessing was started by three-dimensional abdominal CT images
reconstructing of a 50th percentile male patient, selected according to Reynolds’
measurement (Reynolds, 2015), with no PF or acetabular fracture history. The
selected CT image set was obtained from a large study database gathered by Oulu
University Hospital (Gebre et al., 2019). The average age of patients in the database
was 72 ±12 years.
The image reconstruction was followed by model alignment, meshing, material
assigning, defining the initial/boundary conditions, developing contact and
interactions, and finally defining failure criterion and other controlling parameters
such as length of the simulation. In the following section, these steps are briefly
discussed.
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4.1.1 Image reconstruction and soft tissue generation
The selected clinical CT image set (Philips, 110 kVp, 105 mAs, 453 slices with 0.5
mm thickness, resolution 0.75×0.75 mm2, without using a density calibration
phantom) was reconstructed in Mimics® (version 21.0, Materialise Software,
Belgium). The trabecular and cortical bones of PF and the pelvic ring were
segmented through a semi-automated process, using default trabecular and cortical
bone filters recommended by Mimics® and slice-by-slice counter checking. Similarly
to the approach implemented by Majumder et al. (Santanu Majumder et al., 2007), the
highest and lowest Hounsfield Unit (HU) values of the filtration range were assumed
to correspond the apparent density of cortical bone (1.8 g/cm3) and marrow cavity (0.01
g/cm3), respectively. Element by element density assignment for trabecular bone was
done by using the material-assignment feature of Mimics® and the relationships
proposed by Rho et al. (Rho et al., 1995) between HU and apparent density. Extra
attention was paid to preserve the actual cortical thickness of bone at the thin areas,
such as the acetabulum. The cortical bone was thresholded (662-1988 Hounsfield
unit) through a slice-by-slice approach (see Substudy I, Appendix A). It was
assumed that the inside of the cortical bone was thoroughly filled by trabecular
bone (Fig. 5). The obtained model in Mimics was transferred to 3-Matic® (version
13.0, Materialise Software, Belgium) for surface finishing (smoothing while the
thickness was kept constant) and further processing. Since the abdominal CT
image was used in this study, the length of the femoral shaft was estimated based
on the work of Khanal et al. (Khanal et al., 2017), and the cortical bone of the
femurs was extended up to the knee joint in 3-Matic (Fig. 5).
Since CT imaging was done without any contrast agent, precise reconstruction
of the soft tissue such as cartilages directly from the CT images was not feasible.
Therefore, they were added manually in 3-Matic (Fig. 5). The shape of the
cartilages was determined by using the Human Biodigital® online platform
(Human Biodigital® Online Platform, 2020) and anatomical considerations. The
thicknesses of the cartilages obtained from the literature are presented in Table 7.
Table 7. The thickness of the cartilages.
Cartilage

Thickness (mm)

Reference

Femoral head

1.48

Mechlenburg et al., 2007

Acetabular

1.31

Mechlenburg et al., 2007

Sacroiliac

3.5

Zheng et al., 1997

Interpubic disc

22.7

Zuoping et al., 2007
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While the TST was not included in Substudy I, TST was segmented and
reconstructed in Substudies II and III. The TST was included in the impact side for
the simulation.

Fig. 5. Image reconstruction and adding cartilages and trochanteric soft tissue.

4.1.2 Upper body and lower extremities modeling
Owing to the use of abdominal CT images in this study, direct modeling of the
upper body and lower extremities was not possible. To deal with this issue, upper
body weight was applied as a body force to the model in Substudy I; however, the
effects of inertia, stiffness, and damping of excluded parts were ignored. In
Substudies II and III, the method used by Majumder et al. (Santanu Majumder et
al., 2007) was adopted to calculate the length, mass, and center of gravity of the
upper body segments and lower extremities (Contini, 1972) (see Substudy II,
Appendix A, Fig. A2, Table A1). The mass of each segment was added as a lumped
mass to its center of gravity and then the lumped masses were connected by spring
and dashpot elements (Fig. 6). Also, since half of TST was truncated earlier, the
deducted mass was added to the thigh and the lower part of the trunk as a distributed
mass. The stiffnesses (Nigam & Malik, 1987) and damping coefficients
(Amirouche, 1987) of each segment are presented in Substudy II, Appendix A,
Table A2. The thickness for non-rigid ground flooring materials used in all
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Substudies was selected as 13 cm (lower region of ground was cropped in the
presented figures to retain appropriate presentation of the model details).

Fig. 6. The mass-spring-damper system represents the upper body and lower
extremities.

4.1.3 Model alignment
Different sideways fall scenarios were defined by changing the body configuration
angles (Fig 7a). PF and pelvic bones were rotated by using 3-Matic in Substudy I.
The center of pelvic rotation (TTA and TFA) was set to the center of gravity
(geometry-based) of the sacral spine (S1) and for the case of femur rotation (FHA
and FDA), it was considered the mid-point of the center of gravity of the femoral
head and the acetabulum.
Based on the results of Substudy I and comparable to the body configuration
used by Fleps et al. (Fleps, Enns-Bray, et al., 2018), the worst-case scenario (highest
strain level at the acetabulum) was selected as the body configuration for
Substudies II and III. The corresponding angles to this body configuration were
TTA=40°, TFA=0°, FHA=15°, and FDA=5° (Fig 7b). While in the supine position
the femur is externally rotated, and the pelvis almost remained in its neutral position
during standing, in a sideways fall configuration the femur was adducted and the
pelvis was tilted visibly in the coronal plane. Since the CT imaging was done in the
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supine position, the TST was rotated along with PF in ABAQUS®/Standard
(Dassault Systems, 2017) to reach the body posture reassembling the sideways fall
(see Substudy II, Appendix A2). In all substudies, the model was brought to the
ground vicinity (0.1mm) to reduce simulation time. Also, PF was repositioned to
establish the initial contact between the femoral head and acetabular cartilages
(maximum contact penetration ≤ 0.05 mm while using shooting-node logic).

Fig. 7. Body configuration at impact: a) investigated angles in Substudy I, b) used body
posture in Substudies II and III.

4.1.4 Finite element mesh
According to Ramos and Simões (Ramos & Simões, 2006), linear and quadratic
tetrahedral or hexahedral elements in a converged mesh can yield reasonable
accuracy in the prediction of PF fracture. Therefore, all parts were meshed with
linear 4-node tetrahedral elements (solid285) with ANSYS Autodyn® (version
R19.2, ANSYS, USA) in Substudy I. The average element edge length was 1.1656

6.06 mm, similar to the reported element size range by Majumder et al. (Santanu
Majumder et al., 2007) and Fleps et al. (Fleps, Enns-Bray, et al., 2018). To avoid
volumetric locking, nodal-based mixed u-P Formulation was considered.
For Substudies II and III, 3-Matic was used to generate the mesh. Through a
similar approach to Fleps et al. (Fleps, Enns-Bray, et al., 2018), the pelvic bones,
as the region of the interest, were meshed with TET10 elements, and all other parts
were meshed with TET4 elements to reduce the computational costs. The element
edge length of the converged mesh in Substudies II and III for TST was 4 mm and
for bony parts was 1.16–3.47 mm (3,182,326 solid tetrahedral elements), falling in
the range reported by Fleps et al. (Fleps, Enns-Bray, et al., 2018) (Fig. 8). The
results of the mesh convergence study are available in Substudy II, Appendix A,
figures A2b, and A3b.

Fig. 8. The cross-section (coronal plane) of the used mesh in Substudies II and III.

4.1.5 Material models
While simple material models were used in Substudy I, the material models in
Substudies II and III were more advanced. Table 8 summarizes the materials used
in the substudies.
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Table 8. Used material models in Substudies I, II, and III.
Tissue/Part

Cortical bone

Trabecular bone

Articular cartilage

Interpubic disc

Sacroiliac cartilage

Trochanteric soft
tissue

Substudy I

Substudy II

Isotropic homogenous

Isotropic homogenous strain rate

bilinear elastoplastic

dependent Fu-Chang foam

Isotropic homogenous

Isotropic heterogenous strain

bilinear elastoplastic

rate dependent Fu-Chang foam

Compressible

Slightly compressible

Slightly compressible

hyperelastic Neo-

hyperelastic Mooney-Rivlin 3-

hyperelastic Mooney-

Hooken

parameters

Rivlin 3-parameters

Compressible

Slightly compressible

Slightly compressible

hyperelastic Mooney-

Viscohyperelastic Mooney-Rivlin Viscoelastic Mooney-

Rivlin 3-parameters

3-parameters

Rivlin 3-parameters

Compressible

Slightly compressible

Slightly compressible

hyperelastic Mooney-

Viscohyperelastic Mooney-Rivlin Viscoelastic Mooney-

Rivlin 3-parameters

2-parameters

Rivlin 2-parameters

Hyperelastic Mooney-Rivlin 2-

Hyperelastic Mooney-

parameters

Rivlin 2-parameters

Rigid

Rigid

-

Ground

Viscoelastic Maxwell

Ceramic Tile

-

Ethylene-vinyl
acetate

-

Plywood

-

Agglomerated cork

-

Asphalt pavement

-

Plasticity damage Johnson
Holmquist
Slightly compressible
Viscoelastic Ogden rubber
Anisotropic strain rate dependent
elastoplastic wood pine

Substudy III
Isotropic homogenous
strain rate dependent
Fu-Chang foam
Isotropic heterogenous
strain rate dependent
Fu-Chang foam

-

-

-

Compressible Viscohyperelastic
low-density foam
Linear bilinear strain rate
dependent

-

elastoplastic composite

Trabecular and cortical bone were assumed to be isotropic homogeneous linear
elastoplastic materials (see Substudy I, Table 1). Through the approach proposed
by Enns-Bray et al. (Enns-Bray et al., 2018), cortical and trabecular bones were
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modeled as a strain-rate (0.008-30 s-1) dependent elastoplastic material model with
different behaviors in tension and compression for Substudies II and III (see
Substudy II Appendix B, Table A5). While the cortical bone was assumed to be
homogenous (Osterhoff et al., 2016), by employing a grayscale-based element-byelement material mapping strategy (available in Mimics®) (Santanu Majumder et
al., 2007), the trabecular bone was modeled as a heterogeneous tissue in Substudies
II and III (Fig. 9). To address the aim of Substudy III, the elastic modulus, apparent
density, and other mechanical properties of the cortical and trabecular bone were
reduced in consecutive steps. According to the isotropic osteoporosis model (Lotz
et al., 1995; Polikeit et al., 2004), at the final stage of OP, the elastic moduli of the
cortical and trabecular bone were reduced by 33% and 66%, respectively. Relative
reductions in elastic moduli of the trabecular (ETrab-OP/ETrab-Normal), cortical (ECortOP/ECort-Normal), and total bone (ETotal-OP/ETotal-Normal) caused by OP are presented in
Table 9. According to the isotropic osteoporosis model, the cases with the ultimate
reduction in the trabecular and cortical elastic modulus were defined as ETrabOP/ETrab-Normal = 0.34 and ECort-OP/ECort-Normal = 0.67, respectively. By using the
empirical relationship proposed by Morgen et al. (Morgan et al., 2003) between the
apparent density and elastic modulus of the bone (𝐸 6850 𝜌 .
𝑀𝑃𝑎 ), the
corresponding apparent density for each step reduction in the elastic module was
derived first and then by having the reduced apparent density, other reduced
mechanical properties of bone such as yield or ultimate strain/stress were calculated
by using the available relationships (see Substudy III, Appendix A).
The femoral head and acetabular articular cartilages were modeled as
compressible hyperelastic materials in all substudies. Similar to Majumder et al.
(S Majumder et al., 2004; Santanu Majumder et al., 2007) and Fleps et al. (Fleps,
Enns-Bray, et al., 2018), due to the nature of impact loading (high strain rate) at the
hip joint, the viscous property of the articular cartilage was neglected. To simplify
the model, sacroiliac cartilage and interpubic disc (pubic symphysis) were assumed
to be compressible hyperelastic material in Substudy I. Since pubic symphysis
absorbs the impact shock and attenuates the impact force to some extent (Zuoping
Li et al., 2007), it was modeled as a viscohyperelastic material in Substudies II and
III. Owing to the lack of exact information about the mechanical properties of
sacroiliac cartilage (Fleps, Enns-Bray, et al., 2018), it was considered a
compressible hyperelastic material in all substudies (Zuoping Li et al., 2006).
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Fig. 9. Heterogeneous trabecular bone. Left: Pelvic trabecular bone, right: Crosssection of PF and pelvic trabecular bone (different colors showing different element
densities).
Table 9. Simulated cases in Substudy III with different types and levels of reduction in
the elastic modulus.
Simulation No.

Affected bone

ETrab-OP/ETrab-Normal

ECort-OP/ECort-Normal

1

Trabecular

0.670

1

2

Trabecular

0.614

1

3

Trabecular

0.538

1

4

Trabecular

0.472

1

5

Trabecular

0.406

1

6

Trabecular

0.340

1

7

Cortical

1

0.835

8

Cortical

1

0.802

9

Cortical

1

0.769

10

Cortical

1

0.736

11

Cortical

1

0.703

12

Cortical

1

0.670

13

Total

0.670

0.835

14

Total

0.614

0.802

15

Total

0.538

0.769

16

Total

0.472

0.736

17

Total

0.406

0.703

18

Total

0.340

0.670

E: elastic modulus.Trab: trabecular bone. Cort: cortical bone. Total: Trab + Cort. OP: osteoporosis.
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To keep the model as simple as possible, TST was not modeled in Substudy I. TST
was modeled as hyperelastic and viscoelastic materials in Substudy II. In the study
of effects of VImpact and flooring material, TST was assumed to be hyperelastic
(Fleps, Enns-Bray, et al., 2018; Santanu Majumder et al., 2007, 2009). To study the
effect of TST stiffness change on the acetabular fracture, TST was also modeled as
a viscoelastic material. Since TST was modeled as a whole in this study and it
consists of several tissues with very distinctive viscoelastic properties (Bandak et
al., 2001), by using a similar approach (single element study) implemented by Fleps
et al. (Fleps, Enns-Bray, et al., 2018), the viscoelastic properties of TST (bulk,
short- and long-term shear modulus) were tailored in a manner to decrease its
mechanical response between strain-stress curves of muscle and adipose (see
Substudy II, Appendix B, Fig. A7). Taking the result of Substudy II into account,
the TST was modeled as a hyperelastic material.
Since the TST was not considered in Substudy I, a thick (13 cm) viscoelastic
polyurethane foam mattress was used as the ground. Since the flooring material
effect was one of the aims of Substudy II, different indoor/outdoor conventional
flooring (see Substudy II, Appendix B, Table A5) was modeled (Table 3). Also, by
considering the results of Substudy II, the ground was assumed rigid in Substudy
III.
In all substudies, the PF and pelvic ring ligaments were modeled as tensiononly springs with a small preload (prestrained) to keep the joints in place. The
origin and the insertion points of the ligaments were determined based on the
Human Biodigital® platform (Human Biodigital® Online Platform, 2020) (Fig.
10). The ligament stiffnesses were derived from the literature (Hewitt et al., 2002;
O’Donnell et al., 2018; Chiara Silvestri, 2008) and are available in Substudy II,
Appendix A, Table A3.
4.1.6 Initial and boundary conditions
The upper body weight of a 50th percentile male (485 N) was applied to the surface
of the sacral spine in Substudy I. Also, VImpact =2.321 m/s corresponding to falling
from a standing height (Aya J. Van Den Kroonenberg et al., 1996), and the
gravitational acceleration was applied to all moving parts (see Substudy I, Fig 1b).
Since VImpact was one of the variables investigated in Substudy II, five values
(0.580, 2.140, 3.170, 4.310, and 6.070 m/s) covering both LE and HE impacts were
assigned as the initial condition. The typical impact velocity of young fallers in
experimental studies (VImpact = 3.17 m/s) (Feldman & Robinovitch, 2007) was used
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in Substudy II for studying the effects of flooring material and TST stiffness, and
in Substudy III. Also, the gravitational acceleration as a body force was applied to
all model components.
In all substudies, the bottommost nodes of the ground were fixed in all degrees
of freedom.

Fig. 10. Proximal femur and pelvic ring ligaments. Top: anterior view, Bottom: posterior
view.
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4.1.7 Contact and interactions
The inner surface of the cortical bone and the outer surface of the trabecular bone
and all in-contact nodes between cortical bone and cartilages/TST were tied in all
degrees of freedom in all substudies. The contact between the femoral head and
acetabular cartilages were assumed to be frictionless (Clarke et al., 2013; Fleps,
Enns-Bray, et al., 2018), and the contact between the greater trochanter and ground
in Substudy I and TST in Substudies II and III (Fig. 11) was modeled as frictional
(static and kinematic coefficients of friction were 0.5 and 0.36 respectively)
(Lemmon et al., 1997; Santanu Majumder et al., 2007; Noor, 2013).

Fig. 11. Interacting nodes between TST/lumped masses with the ground.

4.1.8 Control parameters
To avoid numerical errors, several control parameters were applied. The number of
load-curve discretization intervals was set to 30,000. Also, hourglass energy and
energy dissipation were requested to be included in the energy balance. The option
for the full check (4x accuracy) of initial penetration between parts was set to on.
The linear and quadratic of bulk viscosity coefficients were set to 0.6 and 1.5,
respectively (default values in LS-DYNA). The efficient fully integrated selectivereduced formulation was used for the solid elements of the ground. To enhance
model prediction accuracy and avoid element problems (e.g., locking, distortion,
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and negative volume) for TET4 and TET10 solid elements, a one-point nodal
pressure tetrahedron, and a 10-noded composite tetrahedron were selected as the
element formulation (Tobias, 2011).
4.2

Bone failure criteria

The effective strain (ES) criterion available in ANSYS AUTODYN® was selected
to study the bone failure in Substudy I. There are three types for effective strain:
plastic, incremental geometrical, and instantaneous geometrical. Since incremental
geometrical effective strain (elastic+ incremental plastic) :
𝐸𝑆

𝑀𝑎𝑥 𝜀̅

𝜀 𝜀

𝑑𝑡 ; 𝜀

𝑠𝑡𝑟𝑎𝑖𝑛 𝑟𝑎𝑡𝑒 𝑡𝑒𝑛𝑠𝑜𝑟

(1)

is a non-decreasing function of time and accounts strain accumulation, it was used
as the failure criterion (Pistoia et al., 2002; Verhulp, 2006) in Substudy I.
Similar to this study, Fleps et al. (Fleps, Enns-Bray, et al., 2018) used the
material model developed by Enns-Bray et al. (Enns-Bray et al., 2018) for cortical
and trabecular bone. They used the first and third principal strains of the St.
Vernant-Green strain tensor as the failure criteria in tension and compression,
respectively. In a similar approach, the tensile and compressive trabecular bone
failures were considered in Substudies II and III for values higher than 1.4% and
lower than –2.0%, respectively. These values correspond to the onset of element
softening according to the material model definition. Previous studies (Bahaloo et
al., 2018; Nawathe et al., 2014) showed that the PF fracture initiates at the
trabecular level, not at the cortical surface. Therefore, bone failure was investigated
at the trabecular level only in Substudy II. Considering the aim of Substudy III
(effect of OP-related reduction in the bone mechanical properties on bone failure),
both trabecular and cortical bone failures were included. According to the
relationship used by Enns-Bray (Enns-Bray et al., 2018), the cortical ultimate
strains (tensile and compressive) are strain-rate dependent. Therefore, for each
simulation, the average strain rate was calculated and then the corresponding
ultimate strains were used as the bone failure criteria (Substudy III, Appendix A).
4.3

Processing

Different FEM packages, provided by CSC (IT Centre for Science LTD, Finland),
were used in this study. The explicit solver of ANSYS Workbench (AUTODYN®)
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was used in Substudy I. ABAQUS®/Standard was employed to achieve deformed
TST (supine to sideways fall posture) in Substudy II. LS-DYNA® (explicit) was
selected as the main solver in Substudies II and III. The simulations were done
through parallel processing by using supercomputers and superclusters.
A broad range of impact duration starting from 0.04 s (Fleps, Enns-Bray, et al.,
2018) to 0.1 s (Luo et al., 2014) has been used for simulation of PF fracture during
an LE sideways fall. Previous studies showed that the peak impact force happens
in 0.005–0.023 s after the impact establishment (Santanu Majumder et al., 2007,
2013). While a longer simulation period (0.1 s) was selected in Substudies I and II,
the simulation duration was shorter (0.06 s) for Substudy III. The number of
simulations, stable time steps, and added mass through mass-scaling techniques for
each study are presented in Table 10.
Table 10. Number of simulations, stable time step, and added masses.
Substudy No.

Number of simulations

Stable time step (s)

I

13

3.30 × 10-7

Added mass (%)
0

II

17

3.36 ×10-8

9.00 ×10-4

III

18

3.36 ×10-8

9.00 ×10-4
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5

Results

5.1
(I)

Effect of body configuration on the risk of acetabular fracture

To assess the effect of different body configurations on the risk of acetabular
fracture, the change in GRFmax and ESmax of PF and acetabulum bones by alteration
of TTA, TFA, FHA, and FDA is depicted in Figure 12.
5.1.1 Ground reaction force
Among the body configuration defining angles, the effect of TFA on the GRFmax
was more substantial than others, followed by FDA. Results showed that the effects
of TTA and FHA variations are similar to each other and minor in comparison with
TFA and FDA. The ranges of GRFmax variation by changing the body configuration
angles are presented in Table 11.
Table 11. Effect of change in body configuration angles on the GRFmax.
Angle

Angle variation range

GRFmax range (N)

TTA

35°-50°

1905-2271

% change in GRFmax
17.5

TFA

0°-30°

1905-2598

30.8

FHA

0°-45°

2104-2515

17.8

FDA

0°-15°

1905-2440

24.8

TTA: Trunk Tilt Angle. TFA: Trunk Flexion Angle. FHA: Femur Horizontal rotation Angle. FDA: Femur
Diaphysis Angle.
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The increase in TTA and FDA led to an obvious decreasing and increasing trend in
GRFmax, respectively. Also, an increase in TFA and FHA resulted in a general
increase in GRFmax (Fig. 12a).

Fig. 12. Body posture effect of TTA, TFA, FHA, and FDA on the magnitude of (a) GRFmax,
(b) maximum effective strain within the proximal femur, and (c) maximum effective
strain within the acetabulum. (Dashed line = mean value) 2.

2

Reused from original article I (https://doi.org/10.1016/j.jbiomech.2020.110156).

68

5.1.2 Effective strain magnitude and distribution
The effect of body configuration angle change on the ESmax within the PF was more
substantial than within the acetabulum, and cortical plastic deformation was
observed in PF only (Fig 12. b and c). The corresponding changes in ESmax within
the PF and acetabulum by alteration of the body configuration angles are presented
in Table 12. While the effect of change in the femur angles (FHA and FDA) on the
ESmax within the PF was dominant, the effect of TTA and FDA was more notable
for acetabulum (Table 12).
Table 12. Effect of change in body configuration angles on the maximum effective strain
within the proximal femur and acetabulum.
Angle

Angle variation range

ESmax range-PF (% change)

TTA

35°–50°

0.019–0.043 (77.4)

ESmax range-Acetabulum (% change)
0.0033–0.0040 (19.6)

TFA

0°–30°

0.035–0.048 (30.3)

0.0035–0.0040 (13.8)

FHA

0°–45°

0.015–0.061 (119.8)

0.0034–0.0037 (8.5)

FDA

0°–15°

0.013–0.043 (108.1)

0.0033–0.0040 (19.7)

TTA: Trunk tilt angle. TFA: Trunk flexion angle. FHA: Femur horizontal rotation angle. FDA: Femur
diaphysis angle.

The change in TFA led to a considerable change in the ESmax distribution within the
acetabulum (see Substudy I, Fig. 3). Similarly, FHA showed a notable effect on the
distribution of ESmax. Results showed that whereas at smaller FHAs (0° and 15°),
ESmax mostly concentrates in the anterior regions (including the rim) of the
acetabulum, at larger FHAs, the ESmax region splits and concentrates at the posterior
and anterior sides of the acetabulum. TFA and FDA changes did not have a
significant effect on the ESmax distribution with the acetabulum (see Substudy I, Fig.
3).
5.2 Effect of impact velocity, flooring material, and soft tissue
quality on the risk of acetabular fracture (II)
The effect of change in VImpact, type of indoor/outdoor flooring material, and TST
stiffness on the GRFmax, IRF response within the pelvic girdle joints, and bone
trabecular bone failure of the pelvis was presented in this substudy.
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5.2.1 Ground reaction force
Results showed that increasing the VImpact substantially increases the GRFmax and
shortens the impact duration and the time-up-to-GRFmax (tmax). On the other hand,
changing the flooring material and increasing TST stiffness have only a minor
effect on these variables (Table 13). The results revealed that by increasing VImpact
from 3170 mm/s to 4310 mm/s, a notable increase in the magnitude of GRFmax
happens (see Substudy I, Fig. 2a). In the case of very compliant surfaces such as
agglomerated cork, the GRF magnitude was slightly lower than with harder
floorings before and after the tmax (see Substudy I, Fig. 2b). Likewise, while the
change in TST stiffness did not have a considerable effect on GRFmax and tmax, a
stiffer TST led to a higher and lower GRF in comparison with softer TST in the
consecutive intervals (0.025–0.05 s and 0.05–0.1 s) (see Substudy II, Fig. 2c).
Table 13. Effect of change in VImpact, flooring material, and TST stiffness on GRFmax and
tmax.
Variable

Range of GRFmax (N) (% change)

Range of tmax (s) (% change)

VImpact

1103–20564 (179.6)

0.0085–0.0375 (126.1)

Flooring material

8785–8873 (0.9)

0.0150–0.0160 (6.5)

TST stiffness

8896–9033 (1.5)

0.0115–0.0135 (16.0)

VImpact: impact velocity. TST: trochanteric soft tissue.

5.2.2 Transmitted force within the pelvic joints
VImpact had a great effect on both internal reaction force (IRFmax) and time to IRFmax
(tIRFmax) within all studied joints (Table 14 and Substudy II, Fig. 3a, b, and c). By
increasing VImpact, IRFmax and tIRFmax were increased and decreased, respectively.
While the share of the hip joint in the load transfer was bigger than in other pelvic
ring joints, the IRF at the pubic symphysis was more oscillatory (see Substudy II,
Fig. 3a, b, and c). In comparison to VImpact, the effect of various flooring materials
(for the selected thickness) on the IRFmax and tIRFmax was minor and only within the
pubic symphysis and sacroiliac joints, a change of tIRFmax was to some extent
considerable (Table 14). Among the studied variables, TST stiffness had the least
effect on load transferring within the pelvic ring joints, and only after passing the
IRFmax, a delay in times of the consecutive IRF peaks was observed for pubic
symphysis and sacroiliac (see Substudy II, Fig. 4).
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Table 14. Effect of change in VImpact, flooring material, and trochanteric soft tissue
stiffness on the transmitted force within pelvic joints.
Variable (joint)

Range of IRFmax (N) (% change)

Range of tIRFmax (s) (% change)

Hip

342–3921 (167.9)

0.0070–0.0425 (143.4)

Pubic symphysis

247–1632 (147.4)

0.0080–0.0725 (160.2)

Sacroiliac

522–2768 (136.5)

0.0075–0.0625 (157.1)

Hip

2403–2466 (2.6)

0.0135–0.0165 (20.0)

Pubic symphysis

385–442

(13.8)

0.0350–0.0725 (69.8)

Sacroiliac

1645–1698 (3.2)

0.0130–0.0180 (32.3)

Hip

2477–2496 (1.4)

0.0100–0.0105 (4.9)

Pubic symphysis

1265–1275 (0.8)

0.0175–0.0175

(0)

Sacroiliac

2710–2748 (1.4)

0.0275–0.0275

(0)

VImpact

Flooring material

TST stiffness

IRF: internal reaction force. VImpact: impact velocity. TST: trochanteric soft tissue.

5.2.3 Bone failure
For all studied variables, the compressive bone failure was dominant in comparison
with the tensile failure (Fig. 13, Fig. 14, and Substudy II, Fig. 6). The pelvic bone
failure was observed only in the moderate and HE impacts (VImpact > 580 mm/s).
For moderate VImpact (2,140 and 3,170 mm/s), the bone failure happened at the
anterior acetabular wall and ischial tuberosity. By increasing VImpact further (4,310
and 6,070 mm/s), in addition to the anterior acetabular wall failure, posterior
acetabular wall, ischiopubic ramus, and inferior pubic ramus failures occurred (Fig.
13). The flooring material had no substantial effect on the pelvic bone failure and
almost for all material types, the bone failure was observed at the anterior
acetabular wall as well as scattered regions located at the ischial tuberosity and
superior pubic ramus (see Substudy II, Fig. 6). The effect of stiffening of TST in
comparison with VImpact was minor. Results showed that by increasing TST stiffness,
the compressive bone failure located at the anterior and posterior acetabular walls
will be split and turn into two separated regions (Fig. 14).
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Fig. 13. Effect of impact velocity on bone failure within the pelvis. Left column:
compressive strain (3rd principal strain), right column: tensile strain (1st principal strain)3.
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Fig. 14. Effect of trochanteric soft tissue stiffness on bone failure within the pelvis. Left
column: compressive strain (3rd principal strain), right column: tensile strain (1st
principal strain) 4.

3
4

Reused from original article II (https://doi.org/10.3390/app11010365).
Reused from original article II (https://doi.org/10.3390/app11010365).
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5.3 Effect of OP-related reduction in the mechanical properties of
bone on the risk of acetabular fracture (III)
The effect of OP-related reduction in the mechanical properties of bone on the
pelvic trabecular and cortical bone failure (ultimate strain) and the transmitted force
within pelvic ring joints are presented in this section.
5.3.1 Bone failure
Results showed that by reducing ETrab-OP/ETrab-Normal, a wider area of the pelvic
trabecular bone experiences failure (Fig. 15). Considering Judet and Letournel’s
classification (Fig. 4), while the bone failure pattern with a moderate reduction in
ETrab-OP/ETrab-Normal resembles elementary fracture types (anterior/posterior wall),
during more reduction in ETrab-OP/ETrab-Normal (0.472-0.340), the acetabular fracture
looks like both-column or anterior with posterior hemi transfer type (Fig. 15).
Change in ETrab-OP/ETrab-Normal did not affect the cortical bone considerably (see
Substudy III, Fig. 3).
By reducing ECort-OP/ECort-Normal, the compressive trabecular bone failure at the
anterior and posterior walls of the acetabulum takes place and expends gradually.
Scattered tensile trabecular bone failure at the cotyloid fossa and superior pubic
ramus was observed (Fig. 16). The type of acetabular fracture by changing in ECortOP/ECort-Normal remained elementary (anterior/posterior walls). Unlike the effect of
ETrab-OP/ETrab-Normal, at the extreme reduction in ECort-OP/ECort-Normal (0.703-0.670), the
compressive cortical bone failure happened at the anterior acetabular rim and
superior pubic ramus (see Substudy III, Fig 5).
The compressive trabecular bone failure region changed and expanded notably
by reductions in ETotal-OP/ETotal-Normal. While at the low reduction in ETotal-OP/ETotalNormal (0.670 & 0.835- 0.614&0.802), compressive trabecular bone failure was
observed at the anterior/posterior walls, during moderate reductions (0.535&0.7690.472&0.736), trabecular bone failure was seen at the inferior pubic ramus region.
Finally, at the highest reduction in ETotal-OP/ETotal-Normal (0.406&0.703-0.340&0.670),
the trabecular bone of the ischiopubic ramus experienced compressive failure (Fig.
17).
Whereas the general type of acetabular fracture at low reductions in ETotal-OP/ETotalNormal was the anterior/posterior walls (elementary), it turned into anterior with
posterior hemi transverse (associated) for the highest reduction in the elastic moduli.
The cortical bone failure was only observed for high reductions of ETotal-OP/ETotal74

Normal (0.406&0.703-0.340&0.670) at the inferior and ischiopubic ramus (see
Substudy III, Fig 7).

5.3.1 Transmitted force within the pelvic joints
The reduction in ETrab-OP/ETrab-Normal had the least effect on the load transmitting
mechanism within the pelvic girdle joints (Fig. 18). Unlike reduction in the
mechanical properties of trabecular bone, reduction in ECort-OP/ECort-Normal affected the
load transferring mechanism substantially. For example, by reducing ECort-OP/ECortNormal, the maximum transmitted force by hip and sacroiliac joints decreased by 18.6%
and 23.9%, respectively (Fig. 18a and b). Whereas the maximum transmitted forces
by the hip and sacroiliac decreased, reducing ECort-OP/ECort-Normal led to a 13.2%
decrease in pubic symphysis (Fig. 18c). The effect on reduction in the ETotal-OP/ETotalNormal was similar to the effect of reduction in the mechanical properties of cortical
bone, decreasing and increasing (especially at high reductions in the elastic
modulus) the maximum transmitted force by the hip/sacroiliac joint and pubic
symphysis, respectively (Fig. 18).
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Fig. 15. Effect of reduction in trabecular elastic modulus (ETrab) on the compressive (left
column) and tensile (right column) trabecular bone failure.
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Fig. 16. Effect of reduction in cortical elastic modulus (ECort) on the compressive (left
column) and tensile (right column) trabecular bone failure.
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Fig. 17. Effect of reduction in total elastic modulus (E

Total

column) and tensile (right column) trabecular bone failure.
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) on the compressive (left

Fig. 18. Effect of reduction in trabecular (ETrab), cortical (ECort), and total (ETotal) elastic
modulus on the transmitted load (contact force) by a) hip, b) sacroiliac and c) pubic
symphysis (reused from the original Substudy III).
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6

Discussion

The present study evaluated the effect of different variables on the incidence and
type of acetabular fracture using a comprehensive CT-based finite element model.
Also, this investigation assessed the effect of studied variables on the GRF and
internal reaction force within the pelvic girdle joints. As far as we know, this is the
first time that several biomechanical factors affecting the acetabular fracture have
been studied extensively. The effects of body configuration at impact, impact
velocity, flooring material, trochanteric soft tissue stiffness, and OP-related
reduction in the mechanical properties of bone were investigated computationally.
Owing to the lack of experimental experiments, direct validation of the model
was not possible. Instead, the results of the current study were corroborated by
previous experimental studies (Sarvi et al., 2014; van der Zijden et al., 2017) and
clinical evidence. The time-history graphs of GRF that resulted from various body
configurations were plotted against the GRF responses provided by similar studies
as the model corroboration in Substudy I (see Substudy I, Appendix G, Fig. F). The
GRF magnitude range (Askarinejad et al., 2019; Santanu Majumder et al., 2008b;
S N Robinovitch et al., 1991, 1997; A J van den Kroonenberg et al., 1995) and
response (Fleps, Enns-Bray, et al., 2018; Santanu Majumder et al., 2007, 2013)
were compared to the previous experimental studies as the model corroboration in
Substudies II and III. Since the finite element model used in Substudies II and III
was the same, the corroboration (Substudy II, Appendix A.7, Fig. A6) is applicable
for both of them. Based on the clinical evidence and experimental data, the
predictions of the current study, such as the type of acetabular fracture and effects
of studied variables (fall direction, impact velocity, flooring material, trochanteric
soft tissue stiffness, etc.) on the acetabular bone failure could be considered
acceptable. The results of this study showed the ability of the developed models to
provide explanations for clinical observations such as the effects of body
configuration, impact velocity, and flooring material on the acetabular fracture, and
its capability in the prediction of the most prevalent low-energy acetabular fracture
types.
6.1

Effect of simulated parameters on the ground reaction force

The effects of body configuration, impact velocity, flooring material, and
trochanteric soft tissue stiffness on the GRF were investigated in Substudies I and
II. The results showed that GRF depends on the impact velocity to a significant
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degree. Considering the conservation of energy, impact velocity depends on the
height of the center of mass. Previous experimental studies report a wide range of
GRFmax (1,750-8,600 N) (Fleps, Enns-Bray, et al., 2018; Santanu Majumder et al.,
2007; Sarvi et al., 2014; van der Zijden et al., 2012, 2017; Varga et al., 2016) for
falling from standing height (VImpact ≤3.17 m/s). While the total range of GRFmax in
this study was 1,103-20,564 N for impact velocity ranging from 0.58 m/s to 6.07
m/s, GRFmax was less than 8,800 N for impact velocities ≤ 3.17 m/s, being in good
agreement with the experimental data.
The result of Substudy I showed that by increasing trunk tilt angle (a more
horizontal trunk), the GRFmax and severity of fall are reduced, confirming the
hypothesis of Groen et al. (Groen et al., 2007). A more horizontal trunk moves the
center of gravity of the upper body away from the center of rotation in the hip joint,
which leads to an increase in the pelvic rotation angle in the coronal plane upon
impact. This loading condition generates an upward force acting on the proximal
femur through ligaments of the hip joint and decreases the GRFmax. Our results
showed that increasing the trunk flexion angle leads to a substantial increase in
GRFmax, which is in agreement with the findings of Nasiri and Luo (Nasiri Sarvi &
Luo, 2017). This can be explained in a similar way to the effect of trunk tilt angle.
By increasing trunk flexion angle, the center of gravity of the upper body in the
sagittal plane moves closer to the center of rotation, increases the downward force,
and pulls up the hip ligaments less. Nankaku et al. (Nankaku et al., 2005) compared
the GRFmax resulted after a lateral (femur horizontal rotation angle 0° and 15°) and
posterolateral (femur horizontal rotation angle 30° and 45°) fall and concluded that
there is no significant change in the GRFmax. Our results confirmed this finding,
showing only 2.7% higher GRFmax for a lateral fall. The results of Substudy I
indicate that by increasing femur diaphysis angle (a more non-horizontal femoral
shaft), GRFmax increases substantially. Van der Zijden et al. (van der Zijden et al.,
2012) showed that in comparison with martial art techniques, using block
techniques during a sideways fall leads to a larger femur diaphysis angle and
increases the GRFmax, which is consistent with the results of the current study. A
lower femur diaphysis angle (more horizontal femoral shaft) prevents the proximal
femur from rotation in the sagittal plane along with the pelvis, which leads to the
production of the tension force in the ligaments of the hip joint and the generation
of an upward force that reduces the GRFmax.
The results of Substudy II indicate the great effect of the impact velocity on the
GRFmax. According to Bouquet et al. (Bouquet et al., 1998), a GRFmax of > 8,000 N
is enough to fracture the pelvic bone in lateral loading. It has been shown that the
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impact velocity of 3.17 m/s can cause proximal femur fracture (Fleps, Enns-Bray,
et al., 2018; Santanu Majumder et al., 2007). In the current study, the same impact
velocity generated a GRFmax equal to 8,800 N, which led to pelvic bone failure.
This study showed that, unlike impact velocity, flooring material does not have a
significant effect on the GRF, and only in the case of using very compliant flooring
materials such as agglomerated cork and linoleum, GRFmax is slightly lower than
for stiffer grounds. This finding confirms the idea that conventional flooring
materials are unable to effectively attenuate the impact force, and novel, more
compliant flooring materials are needed (Abdul Yamin et al., 2017; Keenan et al.,
2020; Lachance et al., 2017; Simpson et al., 2004). Similar to the effect of flooring
material, the stiffening of trochanteric soft tissue did not affect GRFmax and only at
the post-impact phase did it cause a minor effect on the GRF response. While the
viscous force attenuation by trochanteric soft tissue is negligible due to a high strain
rate during the impact phase (K. T. Lim & Choi, 2019; Papanicolaou & Zaoutsos,
2019), it is more prominent in post-impact force when the strain rate is reduced.
6.2 Effect of simulated parameters on the transmitted load within
pelvic ring joints
The effects of impact velocity, flooring material, trochanteric soft tissue stiffness,
and reduction in the mechanical properties of bone caused by OP on the transmitted
force within the pelvic girdle joints were investigated in Substudies II and III.
By increasing impact velocity, the maximum internal reaction force was
increased and time to maximum internal reaction force was decreased in all joints
(hip, sacroiliac, and pubic symphysis). Applying a greater force over a shorter time
increases the strain rate and makes bone more brittle (Kirchner, 2006; McElhaney,
1966; Ural et al., 2011). This may explain why changes in VImpact can substantially
affect the incidence and type of acetabular fractures (Fig. 13). While maximum
internal reaction force response during the impact phase was almost the same
within all joints for the studied indoor/outdoor floorings, at the post-impact phase
(when the strain rate is decreased), different flooring material exhibited
distinctively, especially within the pubic symphysis. This may be explained by the
fact that during the post-impact phase, the strain rate is lower and the difference in
the viscous energy dissipation between the flooring materials is more pronounced
(Magalhães da Silva et al., 2016; Shimizu et al., 2018; Thakur et al., 2016; Umaran
& Menchavez, 2013). Results showed that trochanteric soft tissue stiffening mostly
affects the transmitted load by the hip and sacroiliac joints during the post-impact
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phase (Table 13 and Substudy II, Fig. 4). Aging causes trochanteric soft tissue
stiffening (K. T. Lim & Choi, 2019) and decreases bone quality (Morgan et al.,
2018), which increases the risk of sacral and acetabular insufficiency fractures
among elderly individuals (Blake & Connors, 2004; Firoozabadi et al., 2017). The
results of Substudy II suggest that the effect of change in the mechanical properties
of the impacted parts (i.e., flooring material and trochanteric soft tissue stiffness)
on the transmitted load within the pelvic ring joints is not as important as the initial
condition of the faller (falling height).
According to Dalstra and Huiskes (Dalstra & Huiskes, 1995), load transfer is
mainly handled by the cortical bone, which is consistent with our findings in
Substudy III. In comparison with the osteoporosis-related reduction in the
mechanical properties of cortical bone, the effect of reduction in the mechanical
properties of trabecular bone on the load transmitting mechanism appeared to be
minor, and by OP progression, the impact load tends to move toward the nonimpact hemipelvis via the pubic symphysis. Since pubic symphysis works as a
shock absorber (T. Zimmermann et al., 1992), this change in the load transferring
mechanism may decrease the risk of sacral fracture at the impact side.
6.3

Effect of simulated parameters on the acetabular fracture

While the effect of body configuration on the risk of the proximal femur and
acetabular fracture was investigated in Substudy I, to assess other affecting factors
(e.g., VImpact, TST stiffness, OP-related reduction in mechanical properties of bone,
etc.), the minimum/maximum principal strains only were presented for the pelvic
bone in Substudies II and III.
The results of Substudy I revealed that maximum effective strain within the
proximal femur is mainly affected by the change in femur internal rotation and
femur diaphysis angle (Fig. 12b). Results showed that the maximum effective strain
within the proximal femur during a posterolateral fall was substantially higher than
during a lateral fall. This finding is well in line with findings by Ford et al. (Ford
et al., 1996) and Keyak et al. (J. Keyak et al., 2001) who reported a 26%–46.3%
reduction in the structural capacity (the minimum force required to onset structural
collapse) of the proximal femur during a posterolateral fall in comparison with a
lateral fall. This change could be attributed to the more complex bending and shear
loading applied to the proximal femur during a posterolateral fall (Nankaku et al.,
2005). Also, according to our finding, the risk of proximal femur fracture with a
non-horizontal shaft (larger femur diaphysis angle) is lower than when it is aligned
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horizontally. It seems that a non-horizontally-aligned femur is freer to rotate with
the pelvis and therefore experiences a lower degree of strain.
Based on the results of Substudy I (Fig. 12c), a more horizontal trunk (bigger
trunk tilt angle) and femoral shaft (smaller femur diaphysis angle) increase the risk
of acetabular fracture. This body configuration can cause an increase in the
acetabular coverage angle and the establishment of a stronger contact, resulting in
the acetabular fracture. Unlike the proximal femur, the risk of acetabular fracture
seems to be higher during a lateral fall. Considering maximum effective strain for
both the proximal femur and the acetabulum, it appears that during a lateral fall,
the thick cortical bone and the dense trabecular bone help the proximal femur to
withstand the impact load and transfer it toward the acetabulum. In this case, due
to the thin cortical and the less dense trabecular bones, the risk of acetabular
fracture is greater. On the other hand, during a posterolateral fall, the proximal
femur experiences bending loading (combination of shear, comparison, and
tension), which can be a critical loading mode even for the proximal femur with a
thick cortical bone (Hart et al., 2017). In this case, it seems that fracture energy is
trapped within the proximal femur and a smaller share of impact load is transmitted
to the acetabulum. Effective strain distribution within the acetabulum (see Substudy
I, Fig. 3) in almost all of the studied body configurations resembles the anterior
column with posterior hemitransverse, which is the most prevalent fracture type
among geriatric populations (Culemann et al., 2010). Unlike the effect of the trunk
flexion angle on the maximum effective strain, the trunk flexion angle’s role in the
determination of the acetabular fracture type is more pronounced. Finally, during a
posterolateral fall, effective strain concentration resulting from a posterior lateral
fall is similar to the posterior column fracture type (Letournel, 2019; Shim et al.,
2010).
Majumder et al. (Santanu Majumder et al., 2008b) stated that for low impact
velocity (1,200 mm/s) there is no bone failure and by increasing impact velocity
from 1,200 to 3,170 mm/s, the strain level gradually increases. A further increase
to 4,790 mm/s causes a substantial rise in the strain magnitude. Also, Cecil et al.
(Cecil et al., 2020) indicated that the type of acetabular fracture is changed by
increasing impact velocity. A similar trend—a notable increase in magnitude and
change in the type of acetabular fracture—was also observed in Substudy II for an
impact velocity > 3,170 mm/s. Therefore, an impact velocity = 3,170 mm/s could
be considered as the transient velocity from a low-energy to a high-energy
acetabular fracture. The corresponding height of the center of mass for this velocity
is 51.2 cm, which does not generally end up in an acetabular fracture in healthy
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youngsters (Rinne et al., 2017). Substudy II revealed that conventional
indoor/outdoor flooring, even when compliant, is not able to decrease the risk of
acetabular fracture or fracture type considerably and they should be replaced by
novel, more compliant floorings such as rubber-honeycomb composites, which are
more effective (up to 25%) in force attenuation (Keenan et al., 2020). While
Majumder et al. reported trochanteric soft tissue thickness as an important factor in
the prevention of acetabular fracture (Santanu Majumder et al., 2008b), the results
of Substudy II showed that trochanteric soft tissue stiffening through aging does
not alter the severity and type of acetabular fracture notably. This can be explained
by considering that since during a sideways fall the trochanteric soft tissue is
compressed almost instantly (tmax
0.015 s), the contribution of the viscous
damping is not minor (K. T. Lim & Choi, 2019; Papanicolaou & Zaoutsos, 2019)
in comparison with the higher capacity of a thicker trochanteric soft tissue in the
absorption and distribution of the impact force.
Substudy III showed that whereas the effect of osteoporosis-related reduction
in the mechanical properties of trabecular bone on the acetabular bone failure is
substantial, osteoporosis-related reduction in the mechanical properties of cortical
bone affects both cortical and trabecular bone failure at the acetabulum. According
to Rinne et al. (Rinne et al., 2017), the number of low-energy acetabular fractures
is much higher among individuals aged 65 years or over, the age range which is
known to be prone to cortical-type bone failure (Osterhoff et al., 2016). The critical
contribution of the cortical bone in the strength of the femoral neck was reported
previously (Holzer et al., 2009). In line with that, Substudy III revealed the
important role of cortical bone in the strength of the pelvis as well. Consistent with
the findings of Dalstra and Huiskes (Dalstra & Huiskes, 1995), the substantial
contribution of the cortical bone in the load-transferring mechanism within the
pelvic ring was observed in Substudy III. Although the role of healthy acetabular
cortical bone may be critical for elderly people, the role of the trabecular bone
should not be neglected. Substudy III showed that for all osteoporosis-related
reduction in the mechanical properties within the trabecular bone, trabecular bone
failure happens at the cotyloid fossa, which is known as a region with a high-stress
concentration (Dalstra & Huiskes, 1995). Trabecular bone failure at the superior
rim of the acetabulum and superior/inferior pubic ramus was observed only in
severe bone deterioration within the trabecular bone (ETrab-OP/ETrab-Normal: 0.5380.340) (Fig. 15). These regions have been shown to have a denser trabecular bone
in comparison with other regions of the pelvic bone (Dalstra et al., 1993). Therefore,
it can be assumed that trabecular bone failure may happen at the regions with a
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lower density, such as the acetabulum at the higher reductions in the bone apparent
density. In general, while decreased mechanical properties within the trabecular
bone affect trabecular bone failure in almost all levels of studied reductions, it only
has a minor influence on the reduction of mechanical properties of cortical bone at
its high severities. It appears that acetabular bone failure due to the osteoporoticrelated reduction in the mechanical properties of bone initiates at the trabecular
level primarily, and through the progression of osteoporosis, the cortical bone is
engaged too. Similarly, Fleps et al. (Fleps, Enns-Bray, et al., 2018) reported that
proximal femur bone failure initiates at the trabecular level during a low-energy
sideways fall. Finally, the results of Substudy III suggest that the increase in
osteoporosis-related reduction of mechanical properties can change the type of
acetabular fracture from the anterior/posterior wall (elementary) to the anterior with
posterior hemi transverse or both columns (associated). Since bone loss severity
and reduction in the mechanical properties of bone increase with age (J. Lee et al.,
2013), it can explain the most prevalent types of acetabular fracture being anterior
with posterior hemi transverse (35%) and both columns (34%) and the
anterior/posterior wall type accounts for only 13% of all acetabular fractures among
the elderly population (Firoozabadi et al., 2017).
6.4

Limitations

This study had several limitations. While some of the limitations apply only to
Substudy I, others are common to all. The used material model in Substudy I was
simplified, and trochanteric soft tissue was replaced with a thick mattress. Also,
due to the use of the abdominal CT images, the inertia and the effect of
stiffness/damping of the upper body segments and lower extremities were not
included in Substudy I.
Owing to the lack of data regarding muscle force magnitude and recruitment
pattern during a sideways fall, muscles were not modeled, although Clarke et al.
(Clarke et al., 2013) concluded that the force generated by muscles with a normal
gait do not change the stress and strain within the acetabulum. In general, while the
hip muscle forces during the first phase of falling (stumbling) could be as big as 7
× body weight (Bergmann et al., 2004), elderly fallers cannot use their muscle force
to block the fall (van der Zijden et al., 2012),.
Similar to previous investigations (Fleps, Enns-Bray, et al., 2018; Ghosh et al.,
2015; Santanu Majumder et al., 2007, 2008b) the viscoelastic properties of the
cartilages were neglected due to the nature of the study (high strain rate) (Pal &
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Saha, 1984; Saha et al., 1983). Considering a more advanced model of cartilage
such as fibril-reinforced poroelastic (R. Korhonen et al., 2003) might enhance the
model prediction regarding the strain magnitude and distribution within the
acetabulum, although it would increase the computational costs considerably. Also,
owing to the used material model, anisotropy of trabecular bone at the element level
was not included, although the element-by-element material mapping method used
in this study, makes trabecular bone structurally anisotropic.
As mentioned in the material and methods section, only the impact side of the
trochanteric soft tissue was considered in the simulation to reduce the
computational cost. This simplification can affect the movement of the non-impact
side proximal femur. To avoid the undesired impact between the non-impact side
proximal femur and the truncated trochanteric soft tissue, the proximal femur was
rotated internally up to the point that the distal femur touched the trochanteric soft
tissue. Also, the truncated trochanteric soft tissue was rotated along with the
proximal femur from the supine to the sideways fall position. The resulting
deformed trochanteric soft tissue may not be exactly the same as real-case deflected
trochanteric soft tissue.
In this study, only the effect of reduction in the mechanical properties of bone
caused by OP progression on the acetabular bone failure was taken into account.
While trabecular bone was assumed to be heterogenous and structurally anisotropic,
by assuming a homogenous artificial reduction in density and mechanical
properties of the bone, the focal osteoporotic defects formation, which can increase
the risk of bone fracture, was not included in the Subsuty III (Poole et al., 2017).
Moreover, the substantial influence of the OP progression on the trabecular
architecture was neglected. Owing to the use of conventional CT image data, the
architecture and precise density of the trabecular bone cannot be achieved directly.
Some researchers, such as Zysset et al. (P. K. Zysset & Curnier, 1996), Guo et al.
(Guo & Kim, 2002), and Rammohan and Tan (Rammohan & Tan, 2016), proposed
artificial modeling of the trabecular network by using tetrakaidekahedral or gyroid
cells. Such trabecular models are generally intended for bones such as vertebrates
with preferentially horizontal or vertical trabeculae (Guo & Kim, 2002), not for
highly curved bones such as the pelvis with no obvious trabeculae orientation
throughout the whole bone.
Since this study aimed to investigate the relative responses of the pelvis (bone
failure and force transmission) to the change in the studied factors from a general
perspective, models were developed based on abdominal CT images of a median
male subject. Therefore, the results of this study cannot be applied directly to all
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subjects, and using patient-specific models could yield more accurate results. Also,
using linear springs and dashpots as well as lumped masses to model the upper
body and lower extremities would affect the kinematics of the model. Although
using a more sophisticated modeling method (e.g., distributed weight and nonlinear
spring/dashpot) or a full-body finite element model such as THOMAS (Beskow,
2016) may increase the model accuracy, although using advanced material and fullbody models is associated with significantly higher computational costs, and the
models containing many parameters and details need extensive identification and
validation. Also, the resolutions of full-body models are generally lower than those
focusing on a specific region of the body.
Owing to the comprehensive modeling, although the implemented models in
this study were based on a median male only, the obtained results from the used
model were in good agreement with clinical evidence and experimental data.
While using the coupled criterion method (strain and energy) might enhance
the model predictions (Doitrand et al., 2020; Leguillon, 2002), the ultimate strain
was considered as the bone failure criterion in this study, owing to the lack of data
concerning energy-based bone failure criterion, although previous studies such as
Fleps et al. (Fleps, Enns-bray, et al., 2018) successfully implemented the strain
failure criterion in the prediction of proximal bone failure.
Finally, since the used CT-image dataset was obtained from living patients,
there was no possibility for experimental cadaveric validation of the model.
Therefore, the model was corroborated against previous experimental findings and
the model predictions were compared with the clinical evidence. It is worth
mentioning that this study was designed to investigate the effect of relative change
in the acetabular bone failure by simulating the changes in various biomechanical
factors, not to predict the incidence or location of a fracture precisely.
6.5

Future aspects

The outcome of current research could be considered in the design of preventive
measures such as protective hip pads or training (e.g., in martial arts techniques) of
elderly individuals for a safe landing. Also, the results of this study may be used by
physicians and orthopedic surgeons involved in the prevention, management, and
rehabilitation of acetabular fractures.
To increase our knowledge about the mechanism of low-energy acetabular
fracture, the following further investigations are recommended.
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Considering a median female model for simulation of low-energy sideways fall
would be beneficial. The outcome of such an investigation can provide valuable
information concerning the effect of pelvic geometry on the risk of low-energy
acetabular fracture. Also, comparing patient-specific models with the current study
would reveal the accuracy level of the generalization of the results.
Computational models offer a wide range of information regarding the internal
forces or the failure location, which cannot be easily measured in an experimental
study. Using 3D printed or cadaveric models of the hip and pelvic ring would
enhance the certainty of the model validation. In the case of experimental synthetic
models, the implementation of appropriate materials would be critical.
Finally, by using state-of-the-art techniques such as machine learning, it would
be possible to develop diagnostic software to assess the risk of acetabular fracture.
Toward this goal, first, a large CT image dataset should be categorized based on the
anthropometric data and bone quality, and then the corresponding finite element
model of each category should be developed. The developed finite element models
could calculate and store data on the severity and location of bone failure during
different falling scenarios. Such software, based on the severity and location of the
predicted bone failure, could categorize patients, and provide individual estimation
regarding the risk of acetabular fracture.
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Conclusions

The present study showed that a well-defined CT-based comprehensive finite
element model can be used to assess the biomechanical risk factors of low-energy
acetabular fracture successfully. It was shown that the developed finite element
models are able to provide explanations for the previous clinical findings and
predict the prevalent types of acetabular fracture among the elderly population.
This study showed that fall conditions and quality of bone are most important for
the occurrence, severity, and type of acetabular fracture. The following conclusion
can be drawn based on the aims of the study:
1.

2.

3.

The horizontal trunk and proximal femur shaft during impact are associated
with the highest risk of acetabular fracture. Whereas the lateral fall is
associated with a higher risk of acetabular fracture, the risk of proximal femur
fracture is higher during a posterolateral fall.
Impact velocity has a substantial effect on the occurrence and type of
acetabular fracture, whereas the effects of flooring material and stiffness of the
trochanteric soft tissue are marginal.
Osteoporosis-related reduction in the mechanical properties of trabecular bone
mainly affects the trabecular bone failure within the acetabulum, whereas
reducing mechanical properties of cortical bone affects both the cortical and
trabecular bone of the acetabulum moderately. Ultimate reductions in the
mechanical properties of bone during the progressed stage of osteoporosis lead
to the change of acetabular fracture type from elementary (simple) to
associated (complicated).
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