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Abstract

A fall is a serious health issue for the elderly. Among different fall types, the sideways fall is
considered to be more severe concerning the injury outcome. When elderlies experience an
unintentional sideways fall, they can either resist the impact forces with the soft tissue force
attenuation capacity and femoral strength or need external protections to reduce the injury risk. In
this thesis, these two aspects were investigated. Finite element whole-body models are valuable
tools for analyzing fall biomechanics and investigating the possible preventive measures more
conveniently. The whole-body models were developed to investigate traffic accidents; however, a
sideways fall has different kinematics than the other types of accidents. Consequently, it is necessary
to enhance the whole-body models according to the major fall parameters leading to severe injury
cases before assessing the external protection capabilities.

The current thesis attempted to advance these two critical aspects regarding fall-induced injuries. A
finite element whole-body model was chosen to study three critical parameters in fall biomechanics:
body posture, soft tissue, and femoral strength. The whole body model was positioned in different
body configurations relevant for the sideways fall to evaluate the body posture that could lead to the
highest internal forces on the femoral head. Next, different soft tissue constitutive material models
and soft tissue thicknesses were investigated to find a material model that could accurately
reproduce the experimental results according to an objective rating method named CORrelation and
Analysis (CORA). Finally, the separate and combined effects of geometrical and mechanical
properties change due to aging on femoral strength were assessed for the elderly males and females.
In the second aspect of the thesis, the shock-absorbing rubberized asphalt pavements' preventive
capacity was examined. First, different rubberized asphalt mixtures were implemented in a bicycle
and a pedestrian accident reconstruction cases to evaluate the head injury risks. Later, the asphalt
mixtures were studied in a sideways fall scenario to evaluate the hip fracture risk in an elderly male
and female.

The first aspect of the thesis presented the results and methods to improve the sideways fall
analysis, and the second aspect of the thesis focused on assessing the rubberized asphalt mixtures
for injury prevention purposes. The sideways fall with the upright trunk and a slightly forward-tilted
pelvis could lead to the highest internal forces. A nonlinear Ogden material model for muscle tissue
and a Mooney-Rivlin material model for adipose tissue scored better among different soft tissue
material models in the side impacts to the hip segments. The geometrical and mechanical properties
change due to aging leading to a different behavior for males and females, where females experience
a higher rate of strength loss due to aging. Moreover, it was indicated that a rubberized asphalt
mixture could reduce the head injury risk for pedestrians and cyclists and the hip fracture risk for
the elderly. The amount of rubber in the asphalt mixtures needs to exceed a specific limit to observe
rubberized asphalts' preventive effects. Consequently, it is necessary to optimize the mixtures'
rubber content to improve its prevention capacity.



In summary, the current thesis presented a method to improve the whole-body models according to
the sideways fall requirements and assessed the protective capacity of the rubberized asphalt
mixtures against head and hip injuries.

Keywords
Fall induced injury, finite element analysis, rubberized asphalt mixture, shock-absorbing pavement,
hip fracture, elderly, sideways fall, whole-body model

ii



Sammanfattning

Ett fall ar ett allvarligt hélsoproblem for dldre. Bland olika falltyper anses fallet i sidled vara
allvarligare vad géller skadeutfallet. Nar dldre drabbas av ett oavsiktligt fall i sidled kan de antingen
std emot slagkrafterna med mjukvivnadskraftens ddmpningsformaga och larbensstyrka eller
behova yttre skydd for att minska skaderisken. I denna avhandling har dessa tva aspekter
undersokts. Finite element helkroppsmodeller &ar vardefulla verktyg for att analysera falls
biomekanik och lampligt for att understka mojliga forebyggande atgirder mer bekvamt.
Helkroppsmodellerna utvecklades for att undersoka trafikolyckorna; ett fall i sidled har dock en
annan kinematik dn de andra typerna av olyckor. Foljaktligen dr det nodvindigt att forbattra
helkroppsmodellerna enligt de viktigaste fallparametrarna, vilket leder till allvarliga skadefall, innan
man bedomer de yttre skyddsforméagan.

Den aktuella avhandlingen forsokte fora fram dessa tva kritiska aspekter angdende fallinducerade
skador. En finite element helkroppsmodell valdes for att studera tre kritiska parametrar i falls
biomekanik: kroppshallning, mjukviavnad och femoral styrka. Helkroppsmodellen placerades i olika
kroppskonfigurationer som ar relevanta for fallet i sidled for att utvirdera kroppshéllningen som
kunde leda till de hogsta inre krafterna pa larbenshuvudet. Darefter underséktes olika konstitutiva
materialmodeller for mjukvavnad och mjukdelstjocklekar for att hitta en materialmodell som exakt
kunde aterge de experimentella resultaten enligt en objektiv klassificeringsmetod som heter
CORrelation and Analysis (CORA). Slutligen utviarderades de separata och kombinerade effekterna
av fordndringar av geometriska och mekaniska egenskaper pa grund av dldrande pé larbensstyrkan
for dldre man och kvinnor. I den andra aspekten av avhandlingen undersoktes de st6tddmpande
gummerade asfaltbeldggningarnas forebyggande kapacitet. Forst implementerades olika
gummerade asfaltblandningar i rekonstruktionsfallen fér en cykel och en fotgingarolycka for att
utvardera riskerna for huvudskador. Senare studerades asfaltblandningarna i ett sidledes
fallscenario for att utvardera risken for hoftfraktur hos en dldre man och kvinna.

Den forsta aspekten av avhandlingen presenterade resultaten och metoderna for att forbattra
analysen av sidledsfall, och den andra aspekten av avhandlingen fokuserade pi att bedéma de
gummerade asfaltblandningarna i skadeforebyggande syfte. Fall i sidled med uppritt bal, och ett
négot framatlutat backen kan leda till de hogsta inre krafterna. En ickelinjar Ogden-materialmodell
for muskelvivnad och en Mooney-Rivlin-materialmodell for fettvdvnad fick battre poang bland
olika mjukdelsmaterialmodeller i sidokollisioner mot hoftsegmenten. De geometriska och
mekaniska egenskaperna fordndras pa grund av dldrande vilket leder till ett annorlunda beteende
for mén och kvinnor dir kvinnor upplever en hogre grad av forlust i styrka pa grund av &ldrande.
Dessutom indikerades att en gummerad asfaltblandning kunde minska risken f6r huvudskador for
fotgidngare och cyklister och risken for hoftfraktur for dldre. Mangden gummi i asfaltblandningarna
behover overskrida en specifik grans for att observera gummerad asfalts forebyggande effekt.

il



Foljaktligen ar det nddviandigt att optimera blandningarnas gummihalt for att forbattra dess
forebyggande formaga.

Sammanfattningsvis presenterade den aktuella avhandlingen en metod for att forbattra
helkroppsmodellerna enligt kraven p&a sidledes fall och bedémde skyddsférmagan hos de
gummerade asfaltblandningarna vid huvud- och hoéftskador.

Nyckelord

Fallinducerad skada, finit elementanalys, gummerad asfaltblandning, fallvinlig asfalt, hoftfraktur,
ildre, fall i sidled, helkroppsmodell
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1 Introduction

A fall can be defined differently among different groups. It may appear to be too simple to define a
fall; however, the difference in definitions can confuse different groups when interpreting
information in this research field. The world health organization (WHO) defines a fall as an event
that causes a person to accidentally land on the ground or floor or other lower levels [1]. In this
definition, the fall's accidental nature is essential, and it excludes intentional landings [1]. While the
elderly usually associate the fall with a loss of balance, health care providers define it as a possible
injury outcome [2]. The difference in definition also affects the reported statistics in traffic accidents
[3], i.e., the Swedish Transport Administration, Trafikverket, excludes killed or injured pedestrians
who are accidentally falling on the ground [3]. In the current project, the definition of WHO was
taken into account.

A fall can happen to any demographic group; however, adults older than 65 years old are at a higher
risk of sustaining an injury as a result of a fall [1], [4], [5]. A previous study suggests that about one-
third of adults in their 60t are falling every year, and the risk rises as they get older [6]. A fall injury
can cause fracture or laceration in different body segments but usually, forward and backward falls
lead to wrist and upper extremity injuries, while sideways falls lead to hip fractures [7]. Figure 1.1
shortly summarizes the fall-induced injuries with their frequency and severity. Among fall-induced
injuries, hip fractures are more severe among the elderly since it causes loss of mobility, higher
mortality rate, and social and economic costs [8], [9]. Old female adults have a higher risk of hip
fracture due to age-related bone loss and falling frequency [10]-[12]. The population demographic
is changing in developed countries, and the number of adults reaching older ages increases, which
adversely means higher fall incidents and financial and social costs for societies [1], [5].
Furthermore, the fall rate and the risk of injury discourage the elderly from an activity that could
worsen their mobility and health conditions [1].
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Figure 1.1. summary of possible fall-induced injuries according to previous studies [7], [13].

According to the Swedish transport administration, pedestrians falling outdoors and cyclists
account for about 70 percent of the severe injuries in road traffic environments [3]. Another study
on traffic fatality in 31 major cities globally suggests that pedestrians and cyclists consist of half of
the fatalities [14]. Despite the improvements in traffic accident prevention during past decades [15],
cyclists and pedestrians, or more broadly vulnerable road users (VRU), received less attention [14].
Cyclists can enjoy better protection by wearing helmets [16], [17]; however, there is no specific
protection for pedestrians. A common element in VRU traffic accidents is the pavements. It appears
that a change in the design and construction of the pavements can potentially benefit all VRUs if it
can successfully reduce the risk of injury for the elderly females, the most vulnerable demographic
group [18], [19]. Another possible protective solution against fall-induced injury is the wearable or
inflatable hip protector [20]-[22]. Although the hip protectors were shown to be a beneficial
protective tool [22], they can only reduce the risk of injury for an individual user. Contrary to the
hip protectors, a compliant pavement potentially reduces the risk of injury for all road users
regardless of their demographic group.

The finite element method is a numerical method that could be used to evaluate the potential
capability of a proposed solution for reducing the risk of injury. This method is widely used for
traffic accident reconstructions and various accidents [23]-[28]. It included several forms of
accidents, such as single-vehicle accidents and vehicle-pedestrian accidents, but not fall accidents.
Different body segments are also included in the FE models, from a single segment simulation such
as human head models [29]-[33] to complete human body models (HBM) such as the total human

model for safety (THUMS, Figure 1.2) [24], [25], [27] and the Global Human Body Models
Consortium (GHBMC, Figure 1.2) [28], [34], [35].



Figure 1.2. A pedestrian THUMS whole-body model ([25], left) and a car occupant GHBMC model ([36], right).

The geometry and mechanical properties of the HBMs were initially developed according to a 50th
percentile healthy man [25], [35], and later a family of models was developed to represent the
broader range of sexes and ages [27], [28]. The aim of the models was to simulate common car
accidents involving car occupants or pedestrians [37], and their capability for simulation of fall-
induced injuries has not been thoroughly studied yet. Two critical parameters are different in a fall
incident compared to other traffic accidents. A different age population should be studied in the fall
incidents [3], and the body configuration during a fall incident is different from a pedestrian or car
occupant accident. A recent study [37] used an experimental fall simulator to mimic the sideways
falls. The whole body was replaced with effective masses, except for the pelvis and proximal femur
section, in which a surrogate pelvis and femur were used [37]. The soft tissue is also replaced with
ballistic gelatin [37]. Later, they developed explicit subject-specific finite element models to
simulate the same experiments [37]—-[39]. Apart from these earlier attempts, which were not
complete HBMs, there is no study on fall-induced injuries using the THUMS whole-body model.

The issues with the current state of the art fall biomechanics research motivated the current
doctoral thesis. Two main questions were asked in the definition of each study within the project:

e How do different parameters such as age influence the fall injury biomechanics?
e Does the proposed idea of a compliant pavement reduce the risk of major fall injuries, i.e.,
hip fracture and head injury?

The first question was addressed in papers A, B, and C, and the second question was addressed in
papers D and E.






2 Objectives

The thesis's main objective was to better understand the fall-induced injury biomechanics using the
THUMS whole-body model and evaluate the rubberized asphalt pavements' capacity to reduce the
risk of head injuries and hip fractures.

The first aspect of the project was covered within the first three studies. The specific aim of each
study was as follows:

Paper A

Paper B

Paper C

To evaluate the effect of body configuration, the trunk angle (the angle between the
trunk and vertical), and the pelvis angle (anterior and posterior rotation of the pelvis)
on the internal forces induced on the femoral head during sideways falls on the hip.

To investigate the effect of soft tissue material modeling on the external and internal
forces applied to the femur during sideways falls using the objective CORrelation and
Analysis (CORA) method.

To study the separate and combined effects of geometrical and mechanical properties
changes due to aging on femoral strength.

The second aspect of the project was examined through the following studies. It was hypothesized
that a more compliant asphalt mixture could potentially reduce the risk of injury. The aim of the
designed studies was as follows:

Paper D

Paper E

To assess the effect of varying rubber content in the rubberized asphalt samples to
reduce the head injury risk in a bicycle and a pedestrian accident reconstruction
model.

To evaluate the rubberized asphalt mixture's capability to reduce the risk of
sideways fall-induced hip fractures.






3 Background

The majority of hip fractures happen because of a fall [7], [40]. A previous study [41] suggested four
conditions for a fall that leads to a hip fracture: (i) The fall occurs close to the pelvis segment, (ii) the
fall cannot be responded to promptly, (iii) the soft tissue cannot absorb enough energy, and (iv) the
remaining energy surpasses the proximal femur strength [41].

In this chapter, a literature review of the main aspects of the thesis was conducted to summarize the
previous efforts. The first aspect was understanding the fall biomechanics, where a brief description
of the body configuration, pelvis segment, and the aging effects on the femoral strength was
presented. Another aspect of the thesis was to examine the compliant asphalt mixture's effectiveness
as a preventive tool to reduce fall-induced injuries.

3.1 Body Configuration

Body configuration can significantly affect the outcome of a fall [7], [40], [42]-[47]. An
observational study on elderly people suggests that incorrect shifting of weight and stumble are the
most common causes of falls in elderly houses (Figure 3.1, [48]). A case-control analysis of a cohort
study on community living older females (+65 years old) found the group with hip fractures were
mainly fallen sideways, near the hip region [7]. Another study among 206 patients and 100 controls
discovered that the majority of the patients had fallen directly to the side [40]. In both studies, the
patients could not break their fall with their arm or hand, and an impact on the greater trochanter of
the proximal femur occurred. Similar findings were reported in two experimental studies. An
experimental study on six young adults examined the body configuration and velocities during a
voluntary sideways fall from standing height [42]. They found that only two subjects could break
their fall with their hand or arm, and the others directly impacted their hip. Another experimental
study on 44 young individuals (19 to 26 years, 31 female) found that 9o percent of the subjects
impacted the pelvis. Contrary to the previous study, they found that most subjects impacted their
hands and knees prior to the hip impacts [43]. They suggested that the experiment's design, prior
knowledge of the fall, such as the floor's compliance, and self-initiation of the fall, can cause these
discrepancies among the published results [43].



Figure 3.1. Incorrect weight shifting during walking forward, which led to a sideways fall (Top row), Stumbled
while walking, resulting in a backward fall (Bottom row) [48],(License acquired through Copyright
Clearance Center).

Previous studies on fall kinematics suggested three body angles to be relevant in the magnitude of
the impact forces as a result of a sideways falling (Figure 3.2) [42], [43], [49]. The knee flexion angle
was found to be, on average, 109 degrees [42], [49]. The trunk angle, which is the angle between the
trunk and the vertical, was measured to be 17.3 degrees (SD = 11.5°) in an experimental fall study
[42]. The same study found that a fall with an active muscle could increase the average trunk angle
from 13.6 degrees (SD = 11.2°) to 21.8 degrees (SD = 10.4°). Another study on a larger cohort
suggests an average trunk angle of 42 degrees when the hip impacts the ground after an initial hand
or knee impact [43]. The last body angle is the anterior or posterior rotation of the pelvis (pelvis
angle). A recent study explored the effect of variation of the pelvis angle on the generated internal
forces measured on the femoral head using a hip impactor simulator [50]. It was found that a 10-
degree anterior rotation of the pelvis can lead to the highest internal forces [50]. The experimental
study on 44 young subjects found that the average pelvis angle is 8 degrees (SD= 15) posterior
rotation.



Pelvis Angle :
1

|
Trunk Angle |
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Figure 3.2. Different relevant body angles in a sideways fall incident

Finally, the hip velocity during sideways falls was reported on average 3.0 m/s [46]. The two
experiments on young human volunteers reported similar range of falling velocities of 3.17 m/s (SD
= 0.47) [42] and 3.01 m/s (SD = 0.83) [43].

3.2 Pelvis Segment

The human body's pelvis segment can be divided into three main sections, as shown in Figure 3.3:
Internal soft tissues (Figure 3.3, a, b), external soft tissues (Figure 3.3, ¢), and bony tissues (Figure
3.4). The internal soft tissue consists of the soft tissues that are medial to the femur, such as the
pubic symphysis, ligaments, and cartilages. The bony tissue consists of the femur and pelvis (Figure
3.4). Finally, the external soft tissue consists of the muscular tissue covering the proximal femur,
fat, and skin [51], [52].



(a)

Acetabulum of
hip bone

Head of femur

(b)

© Quadratus Psoas major
lumborum

lliacus )
Pectineus

Crest of
iy Sacrum
Tensor Adductor longus
fascia latae Gracilis
Adductor
Rectus magnus
femoris Sartorius
Vastus Vastus medialis
lateralis Quadriceps tendon

(or patellar tendon)

m\ Patellar ligament

Figure 3.3. Internal soft tissues (cartilaginous joints), (a) acetabulum and (b) pubic symphysis, and (c) external
soft tissues excluding skin and fat tissue, [53] (CC BY 4.0, Download for free at
http://cnx.org/contents/14fb4ad7-39a1-4eee-abbe-3ef2482e3e22 @11.1.)
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The pubic symphysis is a cartilage tissue between the left and right pubic bone (Figure 3.3, b). The
femoral head and the acetabulum form a ball and socket joint named the hip joint (Figure 3.3, a).
There are articular cartilage and several ligaments responsible for increasing the hip joint's stability
[51]. The proximal femur has three important geometric features: the femoral head attached to the
acetabulum, the femoral neck, the region between the femoral head and femoral shaft, and the
greater trochanter, which is located on the lateral and proximal side of the femur (Figure 3.4). The
muscular tissue covers the greater trochanteric area of the proximal femur. A layer of fat and a thin
layer of skin covers the muscles and bones and surrounds the pelvis segment.

Femoral head

Femoral neck

A -\
Greater trochanter \3

Figure 3.4. Geometrical features of the proximal femur, [53] (CC BY 4.0, Download for free at
http://cnx.org/contents/14fb4ad7-39a1-4eee-abbe-3ef2482e3e22 @11.1.)

In any impact to the side of the hip region, the external and internal soft tissues participate in the
force attenuation [54]—[56], and the bony tissue carries the rest of the impact forces [56], [57].
Thus, the soft tissue force attenuation capacity and the femoral strength are the key parameters in
the fall outcome.

3.2.1 Soft tissue

Soft tissues in the pelvis segment are the natural shock-absorbing elements that can reduce the
impact forces [56], [58]-[61]. Previous studies on fall injury found that soft tissue thickness plays
an important role in force attenuation (Figure 3.5) [56], [59], [62]. A previous study on 21
postmenopausal females and 42 age-matched controls revealed that a lower soft tissue thickness
was associated with a higher risk of hip fracture [62]. Another study conducted on the femur
surrogate and different soft tissue thicknesses indicated a 70 N decrease of internal forces measured
on the femoral head for every 1 mm increase in the thickness [56]. Another numerical study
proposed a power-law relationship between the thickness and the impact force [59]. The soft tissue
thickness measures in different previous studies reveal that the average thickness across different
study populations is 32 mm (SD = 23.2), and the average for a group with hip fracture reduces to
28.3 mm [63].
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In addition to the soft tissue thickness, the local stiffness of the soft tissue could play an essential
role in the force attenuation capacity during a sideways fall [20], [55], [60], [63]. An indentation
test on 15 elderly females has been measured the soft tissue stiffness in 9 locations around the
greater trochanteric area [20]. The soft tissue directly over the greater trochanteric area was the
stiffest (34.4 kN/m), and the least measured stiffness was 14.1 kN/m [20]. Muscle activation can
affect the overlaying soft tissue's energy absorption capacity by increasing stiffness [20]. A previous
study on a mechanical hip impact simulator suggested a hip abductor muscle activation could
substantially reduce the femoral neck's stresses during a sideways fall [55].

2 Cartilage

Femur capsule
\

o A ‘B
MRI of the soft tissue
covering the femur

Skin

Adipose tissue

Soft tissue thickness

Figure 3.5. Modeled soft tissue distribution [54] of the adipose and muscle tissues over the greater trochanter
using the MRI data (CC BY 4.0, The MRI image [64] has the following license agreement: CC BY-
NC 3.0).

Previous studies proposed different material properties for the adipose tissue [65]—[71], muscle

[65], [66], [72]-[79], skin [79], cartilage [80], pubic symphysis [81], [82], and acetabular ligaments

[83], [84] (Table 3.1). The proposed models for muscle were mainly nonlinear to capture the large

deformations of the tissue during a sideways fall [85].

Table 3.1. Literature review of constitutive models and material properties for various soft tissues [54]

Soft tissue Material Material parameters From
Model Study
Skin# Mooney-  p = 1.133 g/cm3, C10 = 0.0094 MPa, Co1 = 0.0 MPa, C11 = 0.082 [79]
Rivlin MPa, v =0.499
Cartilage™* Ogden p =0.862 g/cm?, u=0.19 MPa, o = 4.99, v = 0.499 [80]
Pubic symphysis* Mooney-  p =1.0 glem?, C10 = 0.1 MPa, Cor = 0.45 MPa, C11 = 0.6 MPa, v=[81], [82]
Rivlin 0.499, g1 = 0.0224 MPa, B1 = 0.7463 1/s, g2 = 0.3741 MPa, B2 =
0.031 1/s
Acetabular ligament™*  Ogden p=1.0 g/cm®, u=0.0335 MPa, a. = 58.70, v = 0.499 [83], [84]

Adipose tissue models

Al-Dirini# Ogden p=0.92 g/cm3, u =0.001165 MPa, o. = 16.2, v = 0.499 [65]

12



Brosh? Mooney-  p=0.92 g/cm3, C10 = 1.595e-2 MPa, v = 0.499 [71], [73]

Rivlin

Comley* Ogden p =0.92 g/cm3, n =0.0017 MPa, o = 23, v = 0.499 [70]

Engelbrektsson” Ogden p=0.92 g/lcm3, p =3e-5 MPa, a =20,v=0.49, gl =3e-3 MPa, Bl  [67]
=3101/s

Krouskop# Ogden p=0.92 g/lcm3, u =0.00399 MPa, o. = 8.82, v=0.499 [68]

Omidi* Ogden p=0.92 g/cm3, p = 3.4e-4 MPa, o = 3.89, v=10.499 [69]

Then? Ogden p =0.92 g/cm3, pl = -2.2e-2 MPa, al=-0.11, p2 = -4.04e-9 MPa, [66]
a2 =-31.9, v=0.495

Muscle models

Al-Dirini# Ogden p=1.133 g/cm?, u = 1.907e-3 MPa, a. = 4.6, v=0.49, g1 = 5.33%-3  [65]
MPa, B1=0.1666 1/s

Hedenstiena* Ogden p=1.133 g/cm?, pu = 1.3337e-2 MPa, 0. = 14.5, v=0.49, g1 = 0.522 [72]
MPa, B1= 1020 1/s, g2 = 3.211e-3 MPa, 2= 400 1/s, g3 = 3.375e-3
MPa, B3 =65 1/s, g4 = 3.29e-3 MPa, B4= 30 1/s, gs = 3.8e-3 MPa, fis
=0.11/s

Linder-Ganz* Mooney-  p=1.133 g/cm?, C10 = 4.25e-3 MPa, v = 0.499 [73]

Rivlin

Takaza™ Ogden p=1.133 g/cm?, p = 1.685e-3 MPa, 0. = 15.4, v=0.499, g1 = 7.15e-  [75]
2 MPa, B1 = 6666.67 1/s, g2 = 2.49 MPa, B2 = 6.666e5 1/s, g3 =
2.77e-1 MPa, B3=6.6667e13 1/s

Then* Ogden p = 1.133 g/cm®, w1 = 1.558e-3 MPa, ou= 1.316, p2 = -1.582¢-8 [66]
MPa, a2 =-18.36, v = 0.495, g = 5.34e-3 MPa, = 0.1667 1/s

Van Loocke Ogden* Ogden p = 1.133 g/cm?®, pu = 1.367e-4 MPa, o = 8.805, v = 0.499, g1 = [76], [77]

1.217e-3 MPa, P = 1.667 1/s, g2 = 3.126e-4 MPa, P2 = 0.1667 1/,
gs = 6.773e-5 MPa, Ps = 3.33e-2 1/s, g4 = 2.605e-4 MPa, s =
1.667e-2 1/s, gs = 1.458e-4 MPa, Bs= 3.3e-3 1/s

Van Loocke QLV™ QLv p = 1.133 g/cm?, g1 = 3.96e-4 MPa, B1= 1.6667 1/s, g> = 1.018e-4 [76], [77]
MPa, B2 = 0.16667 1/s, g3 = 2.205e-5 MPa, B3 = 3.33e-2 1/s, g4 =
8.482e-5 MPa, B4 = 1.67e-2 1/s, gs = 4.75e-5 MPa, Bs = 3.3e-3 1/s,
c1=1.293e-3 MPa, c2=9.11e-4 MPa, c3 = 1.087e-2 MPa

Zheng"# Ogden p =1.133 g/cm?, u = 3.044e-3 MPa, a. = 6.5,v=10.49, g1 = 1.218e-2  [78]
MPa, B1=0.1667

* Material parameters were fitted with the Ogden model using MATLAB V2019 according to the experimental results of
the references.

™ The material models were developed according to experiments on Porcine tissues.

# The material models were developed according to experiments on human tissue.

3.2.2 Bonetissue

After attenuation of the impact force by the soft tissue, the remaining are applied to the femur,
which needs to resist it by its strength. The femur consists of cortical and trabecular bones, and each
of the bone types contributes to the femoral strength [86], [87]. There is a great deal of debate
surrounding the contribution of the cortical and trabecular bone. Depending on the location of
impact on the proximal femur, loading condition, and age of the subjects, the cortical bone
contribution can vary between 9o to 60 percent [86]—[89].

The cortical and trabecular bones have been modeled differently in different studies. It has been
shown that the cortical bone has transverse isotropic mechanical properties [90]—-[96], especially at

the apparent level (Figure 3.6). The transverse direction is perpendicular to the shaft axis, and the
longitudinal direction is along the direction of osteons [92]. The ultimate or failure strains are also
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asymmetric for the cortical bones [92], in which the strength of the cortical bone is higher in
compression compared to tension.
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Figure 3.6. (Left) The proximal femur's principal stiffness orientation was measured using the High
Resolution-peripheral Quantitative Computed Tomography (HR-pQCT, colors represent the
stiffness value: the highest represented 4 GPa (Red), and the lowest value represented 1 MPa
(Yellow)) [96] (License acquired through Copyright Clearance Center); (Right) The proximal
femur was modeled using a transverse isotropic material model for the femoral shaft and neck,
where the green and blue arrows (B and C) represented the transverse plane [97] (CC BY 4.0).

Several studies assessed the proximal femur's strength using a similar experimental setup [98]-
[100]. The femur's proximal section is positioned in a relevant sideways fall; the shaft is rotated 10°
with respect to horizontal, and the neck is internally rotated to 15° [98], [99]. The experiments were
performed with different displacement rates. However, the displacement rate of 100 mm/s is a
better representative of a sideways fall on the hip [98]. According to previous studies, several
parameters affect the strength of the proximal femur, such as age, sex, bone mineral density (BMD),
displacement rate, and geometrical characteristics of the proximal femur [99], [101]-[104]. A recent
study summarized the relevant experimental studies on the strength of the proximal femur. The
femur's average strength was 4586 N and 2872 N for elderly males and elderly females, respectively
[100].

3.2.3 Aging effect

The most vulnerable age group in fall-induced injuries is the older adults; consequently, it is
essential to review the effect of aging on femoral strength and soft tissue material properties. In
addition to tissue-level changes to the bone and soft tissue, older adults may suffer from lower
balance, stiffer and inadequate posture control, impaired ability to avoid a fall after a disturbance,
and vision impairment [4]. The focus of this literature review is on the tissue level changes due to

aging.
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The femoral strength decreases as age advances. An experimental study on eight older adults (mean
age of 74 years) and nine younger individuals (mean age of 33 years) suggested about 3500 N lower
femoral strength for the older adults [105]. The changes in the femoral strength are sex-dependent
as well. A recent study in a larger cohort of 100 cadaveric femurs suggests the femoral strength
reduces by about 640 N and 860 N per decade for males and females [106]. Two parameters change
with age, geometrical characteristics of the proximal femur and the mechanical properties of the
cortical and trabecular bones [92], [101], [107]-[110]. A recent study has concluded that the BMD,
sex, and age are enough to clinically evaluate femoral strength. Moreover, the loading rate and neck-
shaft angle are not increasing the accuracy of predictions [111].

It is shown that the average cortical thickness, cortical cross-sectional area, and moment of inertia
are negatively associated with age [112]. The sex differences are noticeable in both the size of the
femur (neck width) and the changes in the neck geometry due to aging [113], [114]. In several
detailed studies, it was shown that the cortical thickness changes in each quadrant of the femoral
neck are dissimilar (Figure 3.7) [107], [108], [115]-[118]. A five-year longitudinal study suggested
that the average cortical thickness in the superior section of the femoral neck gets thinner at a faster
rate than in the inferior section, and males experience slower changes than females [107], [112],

[115], [117], [119].

Figure 3.7. A cross-sectional QCT image of the femoral neck of an old female (80 years old, right) and a young
subject (20 years old, left) where the cortical thickness and mineral density decayed for the old
female [108]. The cortical thickness changes are not equal in different quadrants, and it decreases
faster in the superoanterior (S-A) quadrants than in the superoposterior (S-P), Inferoposterior (I-
P), and Inferoanterior (I-A) due to aging (S-A>S-P>I-P>I-A) [117] (License acquired through
Copyright Clearance Center).

The cortical and trabecular bones experience similar mechanical properties changes in males and
females [102], [120], [121]. The Young's and shear modulus of the cortical bone reduces 3 and 4
percent per decade of age for the cortical bone, while the ultimate strain decreases about 5 to 10
percent of its initial value per decade. The yield strains considered to be independent of the age [33],
[91], [92], [120]-[123]. The changes in the cortical bone transit a ductile bone to a more brittle one
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[109]. A similar change happens for the trabecular bone. The modulus decreases approximately by 5
percent per decade[122], [124].

The soft tissue is also affected by aging [125]. A previous study on the compressive stiffness and
damping properties of the soft tissue using the dynamic indentation method revealed the stiffness
and damping were 2.9 and 3.5 times smaller in older females (+65) compared to the younger
females (19-30) [125]. It was also indicated that the two parameters were not associated with the
soft tissue thickness [125]. The changes can reduce the force attenuation capacity of the soft tissue
for the elderly.

3.3 Preventive Tools

Understanding the mechanism of injury, fall dynamics, and the target population group can help
develop preventive tools and precautionary measures. Several preventive measures are intended to
prevent the fall in the first place, such as fixing narrow steps or slippery rugs at home or using
walkers [1]. Even with these measures, elderly adults will fall due to physical frailty [1].
Consequently, the next preventive measures should be focused on reducing the impact forces or
increasing the older adults' femoral strength. The concept of active aging is introduced by WHO to
improve older adults' health conditions [1]. Reducing the impact forces can be done with different
techniques[126]-[129]. In this section, the preventive tools to reduce the impact forces are
reviewed.

Wearable or inflatable hip protectors (Figure 3.8) can attenuate the impact forces and reduce them
below the strength limit of the proximal femur [22], [130], [131]. The hip protectors either dissipate
energy or change the loading location to a less vulnerable location [22], [132]. Despite the hip
protectors' promising ability, there are still conflicting results regarding the hip protectors' clinical
effectiveness [130], [133]. It is the responsibility of the user to put on the hip protector in a proper
manner. A study on three soft shell hip protectors available in the market revealed that a displaced
hip protector (from the intended position) could increase the femoral neck's peak forces up to 60
percent compared to the correctly positioned hip protector [133].
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Figure 3.8. (a) Typical wearable hip protectors that are available in the market [134] and their corresponding
force attenuation (b) in different situations in which they were positioned correctly over the
greater trochanter (center) and when they were misplaced in a different position [134]. (License
acquired through Copyright Clearance Center).

Another tool to attenuate the impact forces is shock-absorbing floors (Figure 3.9). Unlike hip
protectors, the compliant floorings are not sensitive to the users and the correct placement.
Moreover, hip protectors can only protect one individual, which might not be the case in elderly
houses. The primary condition for the shock-absorbing floors other than their force attenuation
properties is locomotion and mobility. The softer floors could improve the force attenuation, but it
adversely affects the stability and balance and could cause more falls. Several intervention studies
were carried out in the elderly houses to assess the indoor shock-absorbing floors [135]—-[138].
Results in the effectiveness of the shock-absorbing floor suffer from a similar issue, like the
wearable hip protectors. While some studies suggest that the shock-absorbing floor can effectively
reduce the risk of serious fall injuries [135], [137], a more recent study found no significant effect on
preventing serious fall-induced injuries [139].

(a)
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Figure 3.9. Typical shock-absorbing floorings(clockwise from top): Rigid, SmartCell, SofTile, Firm Foam, Soft
Foam (a) [136], and their corresponding femoral neck forces, evaluated using a hip impact
simulator (b) [136] (License acquired through Copyright Clearance Center).

Older adults reduce their outdoor activities, partly due to the fear of falling. In addition to older
adults, pedestrians from other demographics are also at risk of falling outdoors. A beneficial
measure to reduce the risk of injury for pedestrians could be compliant shock-absorbing pavements.
Only a few studies investigated the effect of reducing the stiffness of the asphalt mixtures (Figure

3.10) on reducing head injury risk [129], [140]. A previous study on several asphalt mixtures

suggests a 45% reduction in skull fracture risk in an asphalt mixture containing 60%vol. rubber
[140].

Figure 3.10. Rubber asphalt mixture (left), rubber concrete casting (right) [140] (License acquired through
Copyright Clearance Center).
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4 Method

In this section, a summary of the methods used in the project is presented. Initially, the numerical
method and the execution methods were introduced. Then, the whole-body model, THUMS, and the
required enhancement in the hip region are presented, and the force evaluation references for
internal and external forces are established. Section 4.3 introduces the bone damage model, which
was intended to make the bone both transverse isotropic and asymmetric regarding the failure
properties. Later, the hyperelastic mechanical properties formulations, which were implemented in
the soft tissue study, are presented. Section 4.4 discusses the experimental and modeling of
rubberized asphalt mixtures and the material modeling validation method.

4.1 Nonlinear and Dynamic Finite Element Analysis

There are three types of solutions to solve complex biomechanical questions: experimental,
analytical, and numerical solutions. Experiments are time-consuming, demanding, and expensive
solutions which are usually limited in the initial and boundary conditions. Analytical methods can
provide the exact solution to the problem. However, it becomes difficult to find a solution for
complex questions. On the other hand, numerical methods can solve complex questions, and they
provide more flexibility in testing different initial and boundary conditions. Moreover, the study of
fall biomechanics involves the studies of injury cases that could not be reproduced in a controlled
experimental setup with human subjects. Therefore, numerical methods can be employed to solve
the complex questions of fall biomechanics.

Two types of analysis can be used in the Finite element method to solve a given computational
question: linear analysis and nonlinear analysis. The linear analysis assumes that the deformations
are proportional to the loads and infinitesimal, and the stiffness matrix is constant and independent
of loading conditions [141]. Linear analysis can simplify the computational process and minimize
computational costs and time. Within the assumptions for linear analysis, the displacement vector
(U) can be calculated using the finite element static equilibrium (equation 1).

L= KU 1

Where K is the stiffness matrix, and L is the external forces, assuming initial undeformed
configuration. On the other hand, the linear analysis cannot be used when any of the following
nonlinearities exist in the model where the deformed configuration cannot be approximated to be
close to the initial one:

e Geometric nonlinearity includes large deflections and strains, large displacement, and
rotations even with small stains
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e Material nonlinearity, stress-strain relation is nonlinear

e Nonlinear boundary conditions, changing boundary conditions with time or deformation
Different phenomena can cause the geometrical nonlinearity: large strains in which the deformation
of the domain is no longer infinitesimal (Grad U<< 1) [142]; large rotation in which a domain only
rotates with infinitesimal strains; large displacement with or without rotation which could have
infinitesimal strains. In these cases, stress and strains can be described with second Piola-Kirchhoff
stress and Green-Lagrange strain [141]. Nonlinearity in the material can occur when the stress-
strain relation is nonlinear such as in hyperelastic or elastic-plastic material. When the
displacement and strains are infinitesimal, engineering stress and strains can still be used. Finally,
when the external loads change with time or deformation, which is a common phenomenon in
contacts, the boundary condition is no longer constant. The latter can happen in any other

nonlinearities (Figure 4.1).
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Figure 4.1. (a) material nonlinearity, (b) boundary condition nonlinearity, (c) geometrical nonlinearity, large
displacement and rotation, small deformation, (d) geometrical nonlinearity, large displacement
and rotation, large deformation.

Although it is possible to solve all problems using nonlinear analysis, the use of linear analysis and
infinitesimal strain formulation could be computationally effective and provide an insight into the
response. However, the nonlinear analysis is frequently necessary for impact biomechanics due to
the nonlinearities in the boundary (contact and changing load), geometry (large deformations of soft
tissue under loading), and material (hyperelastic or anisotropic material models for common soft
and hard tissues). The finite element equation (equation 1) for nonlinear analysis can be written as:

L(U) = K(U)U 2

If the quantities such as displacement and strain are expressed as a function of time and the initial
position (Lagrangian approach), the displacement (U) for any node in the domain will be:
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z(X,t) = X +U(X,1t) 3

Where x is the current coordinate of the node and X is the initial coordinates of the same node. The
strain can now be defined as the relative motion of two neighboring nodes. First, the deformation
gradient (F) needs to be evaluated (equation 4):

Fef(X4U)=T11% 4

The Green strain tensor can be evaluated:

1 T
¢g=5(FT.F-1I) 5

The Green strain tensor is symmetric, and rigid body rotations will not affect the accuracy of
computations. The Green strain tensor can also be described as the infinitesimal strain term in
addition to the quadratic terms [141].

Another aspect of impact biomechanics is the dynamic (transient) loading. Dynamic analysis can be
used in cases where the inertia forces are not negligible compared to the applied external loads. Car
crash simulations, sideways fall, or shockwave interaction with soft tissue are examples of nonlinear
dynamic analysis which could be solved using the time integration of the equation of motion. The
equilibrium equation is:

Mi(t) + Cu(t) + Ku(t) = L(t) 6

Where M is the mass matrix, C is the damping matrix, and L is the external forces. Equation 6 can
be written as:

Fi(t) + Fp(t) + Fg(t) = L(t) 7

Where the first term denotes inertial forces, and the second and third terms denote damping and
internal forces, respectively. Equation 6 can be solved with different integration methods. For
instance, the discretized equivalent of the derivatives in equation 6 can be written as follows, using
the central difference method:

- u(t + At) — a(t)
w(t) = A

ult + AAt) —u(t) A = u(t) —u(t — At)
t At

u(t + At) =

Equation 6 can now be solved for u(t+At) based on the equilibrium in time t by replacing equation
8.

(M + %Atc) u(t + At) = A2L(t) — (APK — 2M)u(t) — (M — % C)u(t — At) 9

In order to maintain the computational stability, the largest time step size (At) needs to be lower
than the 2/(highest natural frequency). Several commercial programs are available for finite
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element analysis which can be used to solve the complex equation of motion, and LS-Dyna was used
in all studies.

A fall is a dynamic analysis with the effects of mass/inertia and damping. There are two types of
dynamic analysis available for this purpose: implicit and explicit. The explicit method was selected
for several reasons. The explicit analysis is cheaper concerning computational costs since it avoids
several stiffness matrix inversions and directly evaluates the nodal accelerations. The explicit
analysis offers a cost-effective computational solution for the nonlinear material models and
contacts compared to implicit analysis [143]. Besides the choice between explicit and implicit
analysis, it is possible to choose between the shared memory parallel (SMP) processing or the
massively parallel (MPP) processing capabilities. The MPP solver can considerably reduce the
simulation time compared to SMP. Thus, the MPP solver was used for more complicated
simulations such as a whole-body model (papers A, B, E), and the SMP solver was used for simple
simulations such as head models or bone simulations (papers C, D). The number of processors in
MPP solvers can be optimized since the optimized number of processors is not always equal to the
highest number of processors. In most MPP simulations (papers A, B, E), six processors were
selected. Finally, the solvers were chosen to be double precision. The simulation time could increase
approximately 30 percent compared to single precision; however, it ensures the independence of
results from numerical round-offs [143].

4.1.1 THUMS, a Whole-Body Model

The THUMS v4.02 represented a medium-size adult male (50t percentile) with a weight of 76 kg
and a height of 177 ecm [25]. This version includes the skeletal system, brain, internal organs, and
soft tissue (flesh). The original model was developed for pedestrian and car occupant accidents;
consequently, it was necessary to revise the model for required enhancements. First, the soft tissues'
geometry and constitutive model, both the internal and external ones, were revised to become more
representative of those tissues [80], [81], [83], [84], [144]—-[148]. In section 4.3, the constitutive
material models are presented briefly (paper B). Then, the model was positioned at different trunk
and pelvis angles (paper A). The bones were turned rigid during the positioning phase of each fall
simulation, and the positioned model (with deformable bones) later was impacted to the rigid
ground to evaluate the internal forces generated on the femoral head in each of the body
configurations. The proximal femur's geometry and mechanical properties were also revised in
Paper C to represent the elderly adults better. The small female model is homogenously scaled down
(0.87) from the medium size male model (Figure 4.2).

Homogenous
Scaling factor:
0.87

e
aet
.
.

l"

Figure 4.2. Homogenous scaling of the small female model from the medium-size male model.

22



4.1.2 Force Evaluation in the FE Model

The fall-induced forces can be measured in several locations. Whenever the impact forces in the hip
segment model or whole-body models (paper B and E) were evaluated on the lateral side of the soft
tissue (impact side), it was denoted as the external forces. In contrast, when the forces were
evaluated on the femoral head, which is in contact with the acetabulum, it is denoted as the internal

forces (Figure 4.3).

Figure 4.3. The external forces were measured on the impact side (red dished line), and the internal forces were
measured on the femoral head (orange dashed line).

4.2 Bone Damage Model

The original material model for cortical bone was isotropic and had similar failure criteria for
compression and tension. Moreover, the failed elements were deleted from the calculation. The
failure mode in which the corresponding element could be deleted can adversely affect the
numerical stability of the model, given the large mesh size of the femur and the whole-body model's
complexity. The cortical bone was modeled using a transverse-isotropic model, and the asymmetry
of the bone failure was considered using a simplified damage model. There are limited options
available for the solid element with non-isotropic material properties in the LS-Dyna. The damage
onset was set to the yield strain in each direction. The elements were not deleted after they reached
their ultimate strain. Instead, the corresponding stiffness in the same direction was reduced to 1

percent of the initial value (Figure 4.4). This material model could improve the cortical bone's
material modeling by including the asymmetry in both stiffnesses and failure criteria and alleviating
the original model's mesh integrity issue.
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Figure 4.4. A typical stress-strain curve for an element with a damage model activated in the i-directions.

The linear damage model includes six damage parameters that independently affect the stiffness
parameters in the respective direction. In each time step, the damage was computed automatically
according to equation 10:

d;, = max | d; D; (Ef — Ef) 10
€k — €/,

if x>0
if x<0
strains in the respective directions. The trabecular bone's stiffness and the ultimate strain were
updated, and the material model remained isotropic elastic-plastic with a continuum damage
mechanics parameter [110], [124].

In this equation, (). is the positive part of: x ,= {)(; ;e and e are yield and ultimate

4.3 Hyperelastic Material Models of Soft Tissue

The soft tissue is the main element for force attenuation during a fall incident. Consequently, it was
essential to implement and validate a constitutive material model to represent each of the soft
tissues in the hip segment. Three material models were implemented to investigate the model with
the best correlation to the experiments. The first hyperelastic isotropic material model was the
Ogden model [149], where the strain energy (W) was computed using equation 11:

N
B oo o o 1 2
W= A A A -+ -K(T-1
,?:,%(‘ +AG AT =3+ K(T 1) 11

The Ogden parameters are represented with px and ax. K and J are bulk modulus and relative
volume, and A; represents the principal stretches. The second model was Mooney-Rivlin [150],
where the strain energy is calculated through equation 12:
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N
W= Y Cy(l,—3)(I,—3) 12
i+ =l
The C;; are the material constants and I, and I are the first and second invariants of the left Cauchy-
Green tensor. The Prony series was used to implement the viscoelasticity effects into the models
using equation 13:

N
Gt) = Z:Cieﬂ‘ﬁ 13

where G; and [B; represent the shear relaxation moduli and the decay constants. Using equation 11 or
12, the stress tensor for the Ogden and Mooney-Rivlin models can be evaluated using the equations
14 and 15:

oW 14

1 /oW aw 1 oW ow oW

2 2 15

where B is the left Cauchy-Green tensor, the s;, s are the principal stress and stress, and I and J are
unit of identity tensor and determinants of the deformation gradient. The last model was the
quasilinear viscoelastic model (QLV) [77], [151], where the Cauchy stresses were calculated using
the equation 16:

o(t) = 0°(0,)G(t) + f at—m) 21D g 16

where o¢, G(t), and € are the instantaneous elastic stress, reduced relaxation function, and the
logarithmic strains, respectively.

4.4 Asphalt Material Modeling

The rubberized asphalt mixtures were developed at the University of Bologna, Italy. There were
three different mixtures with 14, 28, and 33 weight percent rubber and a reference non-rubberized
sample. Two mechanical tests were performed on the samples: non-destructive compression tests
and destructive compression tests (Figure 4.5). The failure point in the destructive test was
identified as a point where a visible deep crack was detected or when the force-deflection curve
passed the global maximum force. The non-destructive compression test applied a 1% strain, and
the destructive compression test continued until a visible crack appeared on the sample or the force-
deflection curve passed the maximum force. Later, the mechanical compression tests were used to
evaluate Young's modulus of the samples and implement the stress-strain curves into the
*MAT_SIMPLIFIED_RUBBER material model in LS-Dyna [143]. The material model is a simple
model that automatically computes the Ogden functional [149] using the provided stress-strain
curves.
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Figure 4.5. An asphalt mixture during the compression test.

The material model can govern the energy dissipation using two constants of hysteresis unloading
(HU) and shape factor. These two constants were chosen to be 0.1 and 5, respectively (Figure 4.6).
The material model for each asphalt mixture was validated using the standard HIC drop test results
[152]. The drop tests were performed using a hemispheric impactor with weight and diameter of 4.6
kg and 160 mm, which were released from different heights.

(@) o (b)

HU and Shape factor
ensures different
loading/unloading
behavior
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Figure 4.6. (a) A typical stress-strain curve for a *MAT_SIMPLIFIED_RUBBER model with non-zero
HU/shape factors ensures a different unloading path [143], (b) a HIC drop test setup, (c) sample
HIC drop test result on the asphalt mixture with 33% wt. rubber, the impact speed was 4.19 m/s.
The unloading behavior of the material model is controlled by the HU and shape factor.

In addition to regular asphalt, the material model of the rubberized asphalt mixtures was compared
to the playground material and a compliant playground material (Figure 4.7) [153], [154]. The
compliant playground material was assumed to be five times softer than the regular playground
material [153]. The material properties of the compliant playground are similar to Ethylene
Propylene Diene Methyl (EPDM) foam (Figure 4.7) [155].
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Figure 4.7. (a) Stress-strain curve (in elastic range) for different asphalt mixtures compared to the regular
asphalt, playground material, and compliant playground material [156], (b) Stress-strain curve for
different asphalt mixtures compared to the regular asphalt, playground material, and compliant
playground material [156], (c) sample material (EPDM) with similar material properties as the
compliant playground material [155] (The image is licensed under CC BY-NC-ND 3.0, which
prohibits any remix, transform, or build upon).
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5 Results

Each study's principal results are presented in the same order as the appended papers in the thesis.
The first paper (paper A) addresses the effect of the different trunk and pelvis angles on the internal
forces generated during a sideways fall. Section 5.2 presents the soft tissue material model results,
which perform better in both external and internal forces according to the objective CORA rating
(paper B). Next, the separate and combined effects of geometrical change and mechanical properties
change due to aging in males and females are presented (paper C). In sections.4, the rubberized
asphalt mixtures were implemented in two accident reconstruction simulations: a bicycle and a
pedestrian accident case, to evaluate each mixture's ability in reducing the risk of head injuries
(Paper D). Finally, the same asphalt mixtures were implemented in a fall incident identified in paper
A to investigate the mixtures' ability to reduce the hip fracture risk (Paper E).

5.1 Paper A: Body Configuration

The whole-body model was positioned in the trunk angles ranging from 10 to 80 degrees and the
pelvis angles ranging from -20 to +20 degrees. The trunk angle's highest internal forces occurred in
the 10 degrees trunk angle for females and males (Figure 5.1). Similarly, the highest internal forces
for the pelvis angle occurred in the +10 degrees pelvis rotation. The female model (weight 56 kg,
height 156 cm) experienced relatively lower internal forces than the medium-size male model
(weight 76 kg, height 177 cm) since it had a lower body weight.
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Figure 5.1. internal forces measured in the different trunk (a) and pelvis angles (b) for a male and a female
finite element model [157].

5.2 Paper B: Objective Assessment of Soft Tissue Material Model

Adipose tissue material models were assessed objectively, using finite element simulation of a
lateral hip impact. Three material models, from Brosch [71], Engelbrektsson [67], and Krouskop
[68], had the highest CORA ratings (>0.8) for the 8 and 43mm soft tissue thicknesses. The Brosch
model [71] had the closest maximum force prediction in both thicknesses, and all three models had
lower energy dissipation than the experimental results for both thicknesses (Figure 5.2, a, b).
Moreover, the internal forces increased 47 N for every 1 mm decrease in the soft tissue thickness
when using the Brosch model [71].
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Figure 5.2. Force-displacement curves of the three adipose tissue material models for (a) 8 mm thickness, (b)
43 mm thickness, (¢) maximum internal forces for different soft tissue thicknesses, (d) Force-time

curves for different muscle material models, compared to the experimental results (Run 25 and
Run 26) and their corresponding CORA ratings when compared with the each of the experiments

(first reported number in the legend corresponds to Run 25) [54] (CC BY 4.0).

The adipose tissue material model with the highest rating was selected from the pelvis segment
model to implement in the whole-body model to simulate lateral impacts to the hip (Figure 5.3).
First, all muscle material models were compared to two experimental results (Figure 5.2, d), where
three models with the highest CORA ratings were selected to simulate the rest of the experiments.
The highest CORA rating among the three selected models occurred in the Ogden model based on
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the experimental study by Van Loocke et al. [76], [77]. The CORA ratings for various constitutive
models can be found in paper B in the appendix.
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Figure 5.3. (a) Three sample CORA ratings for the adipose tissue material models and their corresponding
deformation in the regional hip segment model, (b) the soft tissue deformations for the Van
Loocke Ogden material model [76], [77] in three whole-body simulations with their corresponding
deformations. The adipose tissue was modeled using the Brosh material model [71] (CC BY 4.0).



5.3 Paper C: Aging effects on the femoral strength

The changes in the proximal femur are age and sex dependent. The geometrical changes caused a 25
N/(decade of age) increase in the femoral strength for males, whereas it caused a 116 N/decade
decrease for females. The mechanical properties change affected males and females differently even
though the mechanical properties changes were implemented similarly. While the femoral strength
decreased by about 354 N/decade for males, it only reduced by 225 N/decade for females. Finally,
combining the geometrical changes and mechanical properties changes in both sexes caused 373
N/decade and 368 N/decade reductions in the femoral strength for the male and female models,
respectively. It is noteworthy that the males experience a 7 percent decrease in femoral strength,
whereas females experience an 11 percent reduction.
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Figure 5.4. The femoral strength changes in the males and females due to separate and combined changes in
the proximal femur's geometry and mechanical properties (CC BY 4.0).

5.4 Paper D: Risk of Head Injury on the Rubberized Asphalt

The three rubberized asphalt mixtures and two references, a non-rubberized asphalt and a
playground material, were used to assess the rubberized asphalt mixtures' ability to reduce the head
injury risk, i.e., skull fracture and concussion for two real case accidents. In the bicycle accident
case, the sample with 33%wt rubber content had the lowest skull fracture risk among the rubberized
asphalt mixtures (Figure 5.5). It is nevertheless the playground material that had the lowest risk of

skull fracture. The sample with 33%wt rubber content had a concussion risk of 81 percent, similar to
the playground material with 83%.
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Figure 5.5. (a) Simulation results (left: stresses on the skull, right: strains in the brain tissue) for the bicycle and
pedestrian accident cases; (b) risk of skull fracture and concussion for the bicycle and pedestrian

accident cases; red dashed line indicates risks of 1.0 and 0.5 [158].
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In the pedestrian case, the risk of skull fracture in the 33%wt asphalt mixture was 0.63 compared to
the reference non-rubberized asphalt mixture (1.00). The 33%wt mixture's skull fracture
performance was poorer than the playground material, reducing the risk to 0.23. However, the
concussion risk was evaluated to be equal to 0.07 for the mixture with 33%wt rubber and the

playground material (Figure 5.5).

5.5 Paper E: Risk of a Hip Fracture on the Rubberized Asphalt

The body posture which led to the highest internal forces in paper A was selected for simulation of
the fall incident (Figure 5.6). In addition to the asphalt samples and the reference non-rubberized
asphalt mixtures, playground material and a compliant playground material were also considered.
The hip fracture risk was evaluated for the elderly male and female who fell on different asphalt
mixtures. The internal forces were reduced by up to 10 percent for both male and female models in
the rubberized asphalt mixtures. Based on the evaluated internal forces, the risk of hip fracture for
an elderly male and an elderly female was computed. The potential risk of hip fracture for males was
considerably low compared to females (about half). While the hip fracture risk was reduced to
around 0.49 for the 33 %wt. rubber content mixture in the elderly female, it was reduced to 0.24 in
the elderly male. The compliant playground material had the most risk reduction with the risk of
0.35 and 0.17 for the elderly females and males, respectively.
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Figure 5.6. The reduction (%) of the hip fracture risk [100] for the elderly male and female when falling on the
three asphalt mixtures and playground materials with respect to the reference non-rubberized
asphalt mixture.
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6 Discussion

Two main questions were asked at the beginning of the thesis. The first question was mainly aimed
to investigate the parameters that can affect the fall outcome. The second question examined the
hypothesis of the potential ability of the rubberized asphalt mixtures to reduce the risk of head or
hip injuries. In this chapter, the two questions were discussed. Several limitations of the current
work are also included in section 6.3.

6.1 How Are Different Parameters Affecting the Fall Outcome?

A brief answer to this question, according to the findings of studies A, B, and C, would be an 8o-
year-old female who falls on the rigid ground with an upright trunk angle (10°) and 10° anteriorly
rotated pelvis, with a thin soft-tissue could experience a hip fracture when she falls. The four
conditions that a fall can lead to a hip fracture were given in the background chapter [41] and
quantitatively discussed in papers A, B, and C. A sideways fall that occurs to the hip segment (paper
A); cannot be responded to with other body parts like the upper extremities in time (paper A); it
cannot be attenuated with soft tissue covering the greater trochanter (paper B), and surpasses the
proximal femur strength (paper C) leading to a hip fracture [41].

6.1.1 Body Posture

In paper A, different body postures regarding the trunk and pelvis angles were studied to identify
the highest internal forces arising from a sideways fall. As the trunk angle changes from 10 degrees
to 80 degrees, the internal force reduces. These changes in the internal forces can be explained by
the effective mass and the soft tissue thickness. Dynamic and mathematical models suggest that the
effective mass over the pelvis reduces as the body becomes more horizontal [44], [57], [159], [160].
Moreover, the trunk adduction stretches the soft tissues covering the femur's greater trochanteric
area, which reduces the soft tissue thickness. A previous study suggested a 70 N increase of internal
forces for each 1 mm decrease in the soft tissue thickness [56]. The internal force changes due to the
pelvis rotation can be explained by other body parts' involvement and another thickness definition
known as an effective soft tissue thickness. As the pelvis rotates towards the anterior, the lower
extremities become more involved during the impact, and the initial impact occurs to the knee
instead of the pelvis. This could absorb part of the impact energy. On the other hand, posterior
rotation of the pelvis increases the involvement of the gluteus muscles and increases the chances of
breaking the fall using the upper extremities. The gluteus muscles can increase the effective soft
tissue thickness over the impact point and absorb more impact energy.

6.1.2 Soft Tissue

In paper B, different constitutive models for the muscle, adipose tissue, and skin were assessed to
identify the model which can predict the internal and external forces during an impact on the hip
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segment. The identification was made using an objective method named CORA rating. The soft
tissue material model rated closer to 1 is a better predictor of the experimental results. The Ogden
model for the muscle tissue was consistently rated higher than the other models [76], [78] for the
external forces. The candidate adipose tissue and muscle material models [65]-[68], [71], [76], [77]
were performing "good" to "excellent" in the internal and external forces according to ISO/TS 18571.

In addition to the constitutive models of adipose tissue and muscle, the soft tissue thickness
covering the hip area can reduce the internal forces. Results [54] suggest that the internal forces
reduce 47 N per 1 mm increase in the thickness, while the experimental result suggests a greater
reduction of 70 N/mm [56].

6.1.3 Aging and Femoral Strength

In paper C, the aging effect on the strength of the proximal femur was investigated. The numerical
method makes it possible to isolate the effects of the geometrical changes and mechanical properties
changes for both males and females. The proximal femur strength reduces for females when
accounting for the geometrical changes due to aging, whereas it slightly increases for males. This
behavior is consistent with a longitudinal two-year cohort study's findings, which suggested a
significant reduction of cortical cross-sectional area and moment of inertia in females [112]. The
cortical cross-sectional area and moment of inertia changes were not directly changed in paper C;
instead, the femoral neck width and the cortical thickness in each section around the femoral neck
altered due to aging [107], [108], [114]. Increases in the neck width increase the moment of inertia
and favorably the femoral strength, and regional thinning of the cortical thickness in superior
sectors of the femoral neck reduces its strength [161], [162]. The apparent changes in mechanical
properties due to aging are similar among males and females [163], [164], and it makes the cortical
bone more brittle [120], [165], [166], which could explain the reduced femoral strength due to
mechanical properties changes. Finally, the combined geometrical changes and mechanical
properties changes due to aging causes a 10.7 percent decrease in females' femoral strength,
whereas it decreases by 7.2 percent in males. The results of this paper were consistent with previous
ageing studies on femoral strength [100], [111], [161], [167], [168].

6.2 Does Rubberized Asphalt Mixture Reduce the Injury Risk?

A very similar brief answer for this question will be if the 80-year-old female from the previous
question (section 6.1) experiences a sideways fall on the 33%wt rubber content asphalt mixture, the
hip fracture risk can be reduced by 20 percent (Paper E). Moreover, if the same female experiences
a direct impact on the head, there would also be less brain concussion risk (paper D). Although the
hip fracture risk in the softest asphalt mixture (33%wt) is 0.47 for the elderly female (the most
vulnerable demographic), the other demographic groups, like elderly males, have less risk of hip
fracture with the same asphalt mixture.

6.2.1 Head injury

Two cases were studied in paper D, a bicycle accident case and a pedestrian case. Increasing the
rubber inside the mixtures improves the pavement's capability for reducing the risk of head injury.
Wearing a helmet can reduce the brain strain by up to 48 percent during the bicycle accident case,
while the asphalt mixture with 33%wt. rubber could reduce brain strains by up to 27 percent. The
pedestrian case gained better results regarding brain strains and cortical bone stresses. The softest
asphalt mixture (33% wt.) could reduce the brain strain up to 75 percent and the cortical bone stress
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up to 50 percent. The brain concussion risk in the bicycle case was around 0.8 for the softest asphalt
mixture and the playground material compared to regular asphalt, where the risk was about 1.
Previous studies on the protective capacity of the playground materials [153], [169] showed a similar
pattern concerning the risk of skull fracture and brain tissue injuries. The risk of skull fracture in the
pedestrian case, which falls on the ground from approximately standing height, was about 0.64 for
the softest asphalt mixture, and the risk of concussion was 0.07. The risk of concussion for the
pedestrian case was about 0.64 for regular asphalt.

6.2.2 Hip fracture

In paper E, the hip fracture risk for an elderly female and male was evaluated. It was previously
shown that females are at a higher risk of hip fracture [86], [99], [170]—[172]. Similarly, the risk of
hip fracture for the elderly females in paper E was about twice that of elderly males when they fell
on the rigid surface. The asphalt mixture with the highest rubber content reduced the hip fracture
risk to 0.47 and 0.24 percent for elderly females and males. It was also shown that a compliant
playground material could potentially reduce the risk of hip fracture for elderly females to 33
percent. There is still a debate on the effectiveness of interior flooring in preventing hip fractures in
clinical studies. While some studies suggested a significant reduction in hip fractures in nursing
homes with shock-absorbing flooring [135], [137], [138], a recent study found no such effect [139].
There is no previous study on the asphalt mixtures, and it seems to be challenging to make any
inferences about the effectiveness of the rubberized asphalt pavements based on the clinical findings
on floorings. It can be speculated that the rubberized asphalt mixture with the highest rubber
content, which could reduce the risk of hip fracture to about 50 percent for the most vulnerable
demographic group, can improve the pavements' preventive capacity for other demographic groups.

6.3 Limitations

There are several limitations in this thesis work. The parameters which could affect the fall outcome
are not limited to the three parameters discussed in papers A, B, and C. In paper A, the body
configurations were limited to trunk and pelvis angles as they were shown to be the major
parameters [42], [43], [50]. In paper B, a unique soft tissue model did not outperform other models
and the CORA ratings for several models, especially in the regional model, were "good." Moreover,
the study did not consider the age effects or detailed muscle geometry or fiber directions [77], [125].
In paper C, the proximal femur model was taken from the THUMS model and was assumed to be
homogenous, while CT-based models assume non-homogenous material properties and subject-
specific geometry for assessment of the femoral strength [94], [173]—[175]. While those models are
potentially more accurate for subject-specific strength assessment, there is no appropriate method
to translate the subject-specific models to the population-based studies using the representative
average whole-body models. Moreover, age was used as a representative parameter instead of BMD,
porosity, mineral density, or T/Z-score to apply aging changes to the femur material model. Despite
these limitations, the bone model was updated with a minimal change with respect to the THUMS
model, making it possible to directly use the paper C to make the age-dependent THUMS model.

The second aspect of the thesis was to examine the protective effect of the rubberized asphalt
mixtures. There are some limitations in this aspect of the thesis as well. A limited number of asphalt
samples, both in number and variation of rubber contents (only 14, 28, and 33 %wt. rubber), were
examined in this thesis. This limits practical conclusions for the recommended threshold of the
rubber content to have optimized preventive effects. Moreover, the tests were done at a standard
room temperature while the falls are more common during winter when the ground is colder [3].
The hip fracture risk for the asphalt mixture with the highest rubber content was similar to the
playground material. This suggests that increasing the rubber content could have a limited effect on
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reducing the risk of hip fracture further down. The studies in this phase of the thesis were limited to
the asphalt mixtures' protective capability, whereas the balance, locomotion, mobility, and
durability of the rubberized asphalt mixtures were not measured. Previous studies on shock-
absorbing flooring suggest that locomotion and mobility could become an issue for the users [136] if
the flooring is too soft.

Despite these limitations, the thesis presented comprehensive detail about fall biomechanics by
studying the main parameters in sideways fall injuries. It examined the rubberized asphalt
pavements' potential effect in reducing the risk of head injury or hip fracture. It is necessary to
further study the rubberized asphalt pavements for their possible preventive capabilities and
optimize them with respect to other characteristics of the pavements like durability.
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7 Future Work

Several paths can be undertaken to improve the current thesis work. In the first aspect of the
project, fall biomechanics, three major parameters were studied, and there are still some parameters
that can affect the outcome of the fall, such as body mass index (BMI) or the activation of muscles
[44], [55], [127]. In the second aspect, the rubberized asphalt mixtures, more parameters could be
involved in the production, testing, and simulation processes, such as temperature and mobility.

The whole-body models are generalized average models and are suitable for population-based
studies. Yet, they need to become more diverse to reflect wider intersubjective differences. In paper
C, an aged proximal femur model was developed in order to reflect this need. The soft tissue
thickness and material properties can be updated in future works. There are no specific
experimental results for the material properties changes in the soft tissue due to aging other than a
recent study measuring the soft tissue's stiffness in different age groups using an indentation device
[125]. In this thesis, muscles were only modeled as passive tissues, whereas it is shown that the
muscle activation in the hip region during a fall can affect the resultant forces [55]. The whole body
model can be positioned in other relevant fall configurations, such as different knee positions for the
impacting knee and the contralateral and upper extremity positions [176].

The rubberized asphalt mixtures were produced from crumb end-of-life tires. Although this method
has environmental benefits by recycling the tires, it limits the injury prevention effects. It was
shown in paper E that a compliant playground material could reduce the risk of hip fracture for
small-size elderly females further than the highest rubber content of the asphalt mixture. In
addition to more diverse asphalt mixtures, it is necessary to study the locomotion, mobility, and
balance of these new asphalt mixtures. There is a need for a thorough optimization study to
maximize the soft asphalt injury prevention capacity while the balance, locomotion, durability, and
environmental friendliness of the asphalt mixture are kept within a reasonable threshold.
Identification of the parameters needed for the optimization would be a challenge in itself. It would
be better to study the temperature effect on injury prevention capacity of the asphalt mixtures in
immediate future work. It is known that a fall is more common during winter when the mechanical
properties of the asphalt mixtures could be affected by this parameter as well [3], [140].
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8 Conclusion

The first three studies presented in the thesis were intended to improve the understanding of the
sideways fall biomechanics by investigating the most relevant parameters to fall-induced hip
fractures. The two later studies were intended to investigate the rubberized asphalt mixtures'
effectiveness in preventing hip fracture by implementing the rubberized asphalt mixture material
models into the THUMS finite element whole-body model. The separate conclusions of each study
were presented below:

Paper A

Paper B

Paper C

In this paper, different body configurations were studied to investigate the trunk and
pelvis angle, which leads to the highest internal forces evaluated on the femoral head
for both males and females. The modified THUMS model from paper B was
positioned at trunk angles ranging from 10 to 80 degrees. Later, the highest trunk
angle was taken, and the pelvis rotated in the range of +20 degrees (posteriorly and
anteriorly). The internal forces were 17 percent higher for males compared to females
in each of the trunk and pelvis angles. The 10 degrees trunk angle and 10 degrees
anteriorly rotated pelvis lead to the femoral head's highest internal forces.

In this paper, several nonlinear material models were selected to investigate the
model which objectively has the highest CORA ratings for the adipose tissue in a
regional model and the muscle in a whole-body model. First, the performance of the
adipose tissue material models was compared in the regional model. The regional
model only consists of a 100x100 adipose tissue sample with different thicknesses
covering the greater trochanteric area. One adipose tissue was selected to be
implemented in the whole-body model simulations. The Ogden model based on the
previously published experimental study [76], [77] had higher ratings in the whole-
body model simulations. Consequently, it could be a potential choice for the lateral
impact simulations using the whole-body model.

In this paper, the separate and combined effects of the geometrical and mechanical
properties change on the femoral strength due to aging in males and females were
investigated. Three sets of models were developed to address each of the changes
separately and combined. The main geometrical changes were addressed with the
expansion of the cortical width and inhomogeneous cortical thickness changes in
both males and females. The mechanical properties changes were changed by
reducing the Young's and shear modulus and reducing the ultimate strains. The
combined geometrical changes and mechanical properties changes cause the femoral
strength reduction for males and females; however, the geometrical changes reduced
the femoral strength only for females. The geometrical changes slightly improve the
strength in males. In all cases, females had lower femoral strength compared to
males at the same age.
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Paper D

Paper E

In this paper, the effects of varying the rubber content on reducing the risk of skull
fracture and brain concussion were assessed in two real case accident
reconstructions. Three different asphalt mixtures with 14, 28, and 33 %wt rubber
content were developed to identify the effect of increasing rubber content on
reducing the risk of skull fracture and brain concussion. It was indicated that
increasing the rubber content could improve asphalt mixtures' capacity in preventing
skull fractures in the bicycle accident case. However, it only reduced the risk of brain
concussion up to 16 percent in the same case. The asphalt mixture with the 33%wt
rubber content had a better performance for the pedestrian accident case, where the
brain concussion risk was around 7 percent (compared to 64 percent for the non-
rubberized rigid asphalt). In this case, the same mixture's skull fracture risk is only
reduced to 63 percent, which is still a high skull fracture risk compared to the
playground material.

In this paper, the effect of changing the rubber content was investigated in reducing
the hip fracture risk in an elderly male and female. The whole-body model was
positioned according to the results of paper A for both males and females. The same
material models for the rubberized asphalt mixtures from paper D were implemented
in the positioned whole-body male and female models. A playground material and a
compliant playground material model were implemented along the rubberized
asphalt mixtures to compare the risk of hip fractures better. The hip fracture risk was
later evaluated using a hip fracture risk function for elderly males and females [100].
The risk of hip fracture for the asphalt sample with 33%wt rubber was about 0.5 for
the elderly female and 0.24 percent for the elderly male. The compliant playground
material had the best performance with reducing the risk of hip fracture down to 0.33
in the elderly female.
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