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Abstract
Sideways fall-induced hip fracture is a major worldwide health problem among the elderly population. Biomechanical modeling is a practical way to study hip fracture risk.
However, all existing biomechanical models for assessing hip fracture risk mainly consider the femur-related parameters. Their accuracy is limited as hip fracture is significantly affected by loading conditions as well. The objective of this study is to introduce a
two-level subject-specific model to improve the assessment of hip fracture risk.
The proposed biomechanical model consists of a whole-body dynamics model and a
proximal femur finite element model, which are constructed from the subject’s wholebody and hip DXA (dual energy X-ray absorptiometry) scan. The whole-body dynamics
model is used to determine the impact force onto the hip during a sideways fall. Obtained
load/constraint conditions are applied to the finite element model in order to determine
the stress/strain distribution in the proximal femur. Fracture risk index is then defined
over the critical locations of the femur using the finite element solutions.
It is found that hip fracture risk is significantly affected by the subject’s body configuration during the fall, body anthropometric parameters, trochanteric soft tissue thickness,
load/constraint conditions, and bone mineral density, which are not effectively taken into
account by currently available hip fracture discriminatory tools. Predicted hip fracture
risk of 130 clinical cases, including 80 females and 50 males, by the proposed model re-
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veals that biomechanical determinants of hip fracture differ widely from individual to individual. This study presents the first in-depth subject-specific model that provides a
comprehensive, fast, accurate, and non-expensive method for assessing the hip fracture
risk. The proposed model can be easily adopted in clinical centers to identify patients at
high risk of hip fracture who may benefit from the in-time treatment to reduce the fracture risk.
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Chapter 1
Introduction

Low-trauma hip fracture has become a common health problem among the elderly all
over the world [1-10], mainly due to the population aging and the prevalence of osteoporosis. Of all osteoporotic fractures, hip fracture has the highest morbidity and mortality
rate [11]. Approximately 50% of patients have permanent functional disability greater
than that before fracture [12, 13]. The incidence of hip fracture appears to be increasing
in many countries [10] and the total number of hip fractures is estimated to be more than
5 million by 2050 [14]. Socioeconomic impacts of hip fracture are twofold. On the one
hand, hip fracture increases the morbidity and mortality in the elderly [15-17]; on the
other hand, it is a substantial source of health care expenditure [18, 19]. Therefore, there
is an urgent need to accurately assess hip fracture risk and then develop preventive and
protective measures. In this chapter, hip anatomy is first reviewed and hip fractures are
classified by anatomic location. Then, prevalence of hip fracture is presented, followed
by a description of the significance of accurately assessing hip fracture risk. The objectives of the present study and the layout of the dissertation are described at the end of this
chapter.
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2

Hip Fracture: Anatomy, Causes, and Conse-

quences
Hip fracture is a medical condition in which there is a break in the continuity of
the femoral bone. Hip fracture is generally affected by hip anatomy [20], the applied
forces to the hip [21], and bone mechanical properties [22]. In this section, hip anatomy is
explained to show why the hip is likely to experience fracture in a fall, followed by an
analysis of hip fracture causes and consequences.

1.1.1

Hip Anatomy

The hip joint is one of the most important joints in the human body. It is also one of the
most flexible joints allowing a great range of motions. To better understand hip fracture,
it helps to know the anatomy of the hip joint. The hip is a joint formed by the ball-shape
head of the femur and the socket of the pelvis. The femurs are the longest and the strongest bones in the human body, extending from the hip to the knee. Important geometric
features of femur bones include the head, neck, greater and lesser trochanters, as shown
in Figure 1.1 (a). A femur is composed of two types of bones, cortical and cancellous.
The cortical bone forms the outer layer of the femur and withstands most of the forces
and moments. Cancellous bone is mostly enclosed by the cortical bone and mainly absorbs the shock energy produced in walking and running [23]. The hip joint is a stable
ball and socket joint, much more stable than the shoulder joint. The stability in the hip
mainly attributes to the deep socket, i.e., the acetabulum. Additional stability is provided
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by the strong joint capsule and its surrounding muscles and ligaments. The high level of
stability of the hip joint is required to support the upper body [23].

Figure 1.1. (a) Anatomic structure of the hip [24]. (b) Concentration of applied forces on the proximal femur in a lateral fall which increases the risk of fracture.

More than 90% of all hip fractures occur in falls [25] as the femur is subjected to a
high level impact force. As shown in Figure 1.1 (b), in a sideways fall, the greater trochanter and the femoral head are subjected to the impact and the joint force respectively
from the ground and the acetabulum. The forces produce a moment at the intersection of
the neck-shaft axes. Muscles that are attached to the femur also produce forces during the
fall. As it is shown in Figure 1.1 (b), the applied forces in a fall are mainly on the proximal femur and it may explain why the majority of fall-induced hip fractures occur at the
proximal femur [26]. A hip fracture refers to any fracture of the proximal femur down to
a level of approximately five centimeters below the lower border of the lesser trochanter
[27]. The extent of the break depends on the forces that are involved.

Introduction

1.1.2

4

Causes of Hip Fracture

Hip fracture is usually caused by an applied force that exceeds the strength of the femur
bone [28]. Therefore, any situation that either induces a high level of force on the femur
bone or decreases the bone strength should be considered as a hip fracture cause.
The main cause of hip fracture is falling (90-92%) [25, 29-31], in particular falling in
sideways direction (63-69% in fall-related fractures) [8, 32], as it induces a high level of
force on the femur. Parameters that increase the risk of fall and apply a high level of force
on the femur, especially in the elderly, are


mental impairment and confusion



impaired vision



impaired muscles reactions



slow reflex response



inability to effectively use the arms to reduce the energy of the fall



impaired neuromuscular coordination and neurological diseases (e.g. hemiplegia,
Parkinson’s disease)



reduced soft tissue padding over the hip [33, 34]

In the elderly, most fractures occur after a low-trauma fall, which would not cause any
severe injury to a healthy individual. Therefore, low bone strength is another main cause
of hip fracture. Osteoporosis as a progressive bone disease, which is characterized by decreases in bone mass and density, has been identified as one of the main contributors of
hip fracture [35, 36]. Osteoporosis advances when bone resorption exceeds bone formation and therefore it is more common among the elderly [37]. Approximately three to
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four out of ten women over the age of 50, and one in eight men, suffer osteoporotic fracture in their lifetime [38].
Apart from the osteoporosis, several other causes may reduce the strength of the bone
such as bone cancer and medical side effects [27]. Other factors associated with reduction
in bone strength include [27]


genetic and family history



sedentary life style



impaired nutrition



smoking



excess alcohol



medications (including tranquillizers, hypnotics, anticonvulsant drugs and steroids)



osteomalacia from vitamin D deficiency, malabsorption, liver or renal disease,



cardiovascular disease and cardiac arrhythmias



underlying bone disease (e.g. Paget’s disease, bone tumours and secondary bone
tumours)



endocrine abnormalities: hyperthyroidism, hyperparathyroidism or hypercortisolism

In addition to the mentioned causes, high-trauma falls and accidents such as car and motorcycle accidents can lead to hip fracture [39]. But they are not studied in this dissertation. Figure 1.2 shows how different factors contribute to the hip fracture [6, 27].
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Figure 1.2. Conceptual model of the fall-induced hip fracture procedure and associated effective factors

1.1.3

Hip Fracture Consequences

Hip fractures are associated with significant morbidity, mortality, loss of independence,
and financial burden [3, 9, 14, 31, 40-42]. It has been reported that approximately 20 percent of hip fracture patients died within one year of the fracture [43]. Generally, the first
year after hip fracture appears to be the most critical time. A recent meta-analysis revealed that women sustaining a hip fracture had a 5-fold increase and men almost an 8fold increase in relative likelihood of death within the first 3 months compared with ageand sex-matched controls [18]. The relative death risk decreases substantially over the
second year but still much higher than that of the controls [44]. Many lose their ability to
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walk mainly due to the pain caused by the hip fracture. In fact, only 40–79 percent of patients regain their previous ambulatory function a year after the fracture, and less than
half return to their pre-fracture status of daily activities [45].
In addition to functional impairments, hip fracture can have a negative impact on selfesteem, body image, and mood [46], which may lead to psychological problems [47]. Individuals who suffer fractures may be immobilized by a fear of falling again and suffering more fractures. They may feel isolated and helpless. The National Osteoporosis
Foundation conducted a survey [48] among 1000 women with osteoporotic fracture in the
United States to investigate the psychological effects of the fracture on the patients. 89
percent of said they feared breaking another bone; 80 percent were afraid that they would
be less able to perform their daily activities and lose their independence; 73 percent worried that they would have to reduce activities with family and friends; and 68 percent
were concerned that another fracture would result in their having to enter a nursing home
[48]. If not addressed, fear about the future and a sense of helplessness can produce significant anxiety and depression. These problems may be compounded by an inability to
fulfill occupational, domestic, or social duties, thus leading to further social isolation.
The disability, reduced functional status, and poor mental health caused by hip fracture can have a profound impact on the quality of the individual’s life. Survivors of hip
fracture reported a 52 percent reduction in quality of life in the first 12 months and a 21
percent reduction after two years [49].
Also, hip fracture is a major cause of the need for long-term nursing home care and a
major contributor to health care costs [19, 50, 51]. There are approximately 23,000 cases
of hip fracture every year in Canada with associated treatment costs of about $1 billion
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[52]. In the United States, 310,000 hip fractures occurred in 2003 and the total medicare
cost was estimated between $10.3 and $15.2 billion, including acute medical care and
nursing home services [42, 53, 54]. As the population of the elderly is still continuously
increasing, the number of hip fractures is expected to rise dramatically and it will put
more burdens on the community health care system [2, 55].

1.1.4

Classification of Hip Fractures

In general, there are three types of hip fractures, depending on what region of the proximal femur is involved [56]:
1. Femoral neck fractures occur in the narrow section of the proximal femur that lies
between the femoral head and the intertrochanteric cross-section. Most femoral
neck fractures occur within the capsule surrounding the hip joint and are, therefore, termed intracapsular fracture. The blood supply to the femoral head is carried by a number of arteries that pass through the femoral neck region. Therefore,
femoral neck fractures may disrupt the blood supply to the femoral head, causing
death of the femoral head bone tissues, called osteonecrosis or avascular necrosis.
Femoral neck fractures are further grouped into nondisplaced and displaced fractures by the alignment of the fractured segments in relation to the original anatomic position of the femur [57].
2. Intertrochanteric fractures occur at a lower location than femoral neck fractures,
in the area between the greater and lesser trochanters. The trochanters are bony
projections where major hip muscles are attached. Intertrochanteric hip fractures
occur outside of the joint capsule and are therefore also called extracapsular frac-
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ture in the literature. Intertrochanteric fractures are complicated by the pull of the
hip muscles on the bony muscle attachments, which can exert competing forces
against fractured bone segments and pull them out of alignment. Thus, healing of
the fracture in a misaligned position is considered as a complication for intertrochanteric fractures. Intertrochanteric fractures may be further grouped into stable
and unstable fractures, depending on the location, number, and size of the fractured bony segments [57].
3. Subtrochanteric fractures occur in the zone about 5 𝑐𝑚 below the lesser trochanter
of the proximal femur. The blood supply to the bone of the subtrochanteric region
is not as good as the blood supply to the bone of the intertrochanteric region and
thus heals more slowly [57]. Similar to the intertrochanteric fractures, subtrochanteric fractures are likely to cause femur misalignment [57].
In more complicated cases, the fracture of the bone can involve more than one of these
zones. Figure 1.3 shows different types of proximal femur fracture.

Figure 1.3. Three main types of hip fractures: femoral neck fracture (subcapital and transcervical fractures),
intertrochanteric fracture, and subtrochanteric fracture [58]
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Demographic Feature of Hip Fractures

A variety of studies have examined hip fracture rates in different regions of the world
[10, 40, 41, 59]. Greater than 10-fold differences have been found on the basis of studies
undertaken at a regional or national level for different calendar years. The studies show
that the main demographic risk factors for hip fractures include increased age and female
gender [10, 14]. The geographic distribution by fracture risk is shown for men and women combined in Figure 1.4. Heterogeneity in hip fracture risk in countries can be seen in
this figure. Based on statistical results [10], for women, the lowest annual incidences are
found in Nigeria (2/100,000), South Africa (20), Tunisia (58), and Ecuador (73). The
highest rates were observed in Denmark (574/100,000), Norway (563), Sweden (539),
and Austria (501). The incidence of hip fracture in men is approximately half of that noted in women. The highest annual incidence in men has been found in Denmark (290/
100,000) and the lowest in Ecuador (35/100,000) [10].
As it is shown in Figure 1.4, the high-risk countries are Iceland, UK, Ireland, Denmark, Sweden, and Norway in north western Europe; Belgium, Germany, Austria, Switzerland, and Italy in central Europe; Greece, Hungary, Czech Republic, Slovakia, and
Slovenia in south western Europe; Lebanon, Oman, Iran, Hong Kong, Singapore, Malta
and Taiwan in Asia; and Argentina in south America. Regions of moderate risk include
North America, Oceania, the Russian Federation, and southern countries of Latin America. Low-risk regions include the northern regions of Latin America, Africa, Jordan, Saudi
Arabia, India, China, Indonesia and the Philippines. It is notable that in Europe, the ma-
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jority of countries are categorized as high or moderate risk. Low risk is identified only in
Croatia and Romania [10].

Figure 1.4. Hip fracture rates (men and women combined) in different countries of the world categorized
by risk. Where estimates are available, countries are color coded red (annual incidence >250/100,000), orange (150–250/100,000) or green (<150/100,000) [10].

Hip fracture incidence rates are known to increase exponentially with age in both men
and women for the most regions of the world [60-63]. Figure 1.5 reveals the variation
trends of hip fracture incidents with age in both genders in Australia, where there is an
exponential increase in hip fracture incidence with increasing age [40]. The increasing
rate of hip fracture in the elderly is mainly associated with their slower reflex response
and the inability to effectively use their arms to reduce the energy of the fall, and low
bone density of the proximal femur [33, 34].
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Figure 1.5. Secular trends in age- and gender-specific incidence rates of hip fractures in Australia between
1994/1995 and 2006/2007 [40]

Epidemiological studies show that the number of hip fractures will rise from 1.66 million in 1990 to 4.5~21.3 million by 2050 (Figure 1.6) depending on the underlying assumptions about age and gender specific incidence trends [9, 14, 40, 64].
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Figure 1.6. Estimated number of hip fractures by sex in the year 1990 and the number expected in 2025 and
2050 by region assuming: no increase in age- and sex-specific rates, or a 1% annual increase world-wide,
or no increase in North America and Northern Europe but an increase in age- and sex-specific incidence
elsewhere of 2%, 3% or 4%. (ROW is rest of world) [14]

1.3

Significance of Accurately Assessing Hip

Fracture Risk
The aim of accurately assessing hip fracture risk is to identify patients at high risk of hip
fracture and to start in-time prevention and protection measures to reduce the number of
hip fractures. These measures are accepted by the patients only after they are accurately
diagnosed with the high fracture risk. Also, accurate assessment of hip fracture risk is the
prerequisite step before starting a therapy. For example, during the process of osteoporosis treatment, it is required to monitor the change of fracture risk and subsequently track
the effectiveness of the therapy. By knowing the risk of fracture, people can improve
their bone health and change their environment to reduce the likelihood of the fall.
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Patients diagnosed with high fracture risk may consider the following prevention
measurements:


individualized exercise programs:
 muscle-strengthening exercises [65]
 practicing balance exercises [66]
 increasing the lower extremity joint function [21]



management of visual impairment:
 obtaining maximum vision correction [6, 67]



examination of basic neurological function, including mental status, muscle
strength, lower extremity peripheral nerves and reflexes [68]



using mobility assisting devices (e.g., walking stick, frames)



implementing surveillance and observation strategies

Protection measurements must be provided to patients with high fracture risk, for example:


remembering that sideways falling is more likely to result in a hip fracture than
falling in other directions [8]:




trying to fall forward or backward not from sides

taking steps to reduce the potential energy and subsequently decrease the risk of
fracture [69]



landing with the aid of hands or reachable objects around to break the fall [70]



using hip protectors [71-76]



environmental modification (e.g., flooring) [20]
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medication and nutritional improvement:
 consuming a calcium-rich diet that provides between 1,000 𝑚𝑔 (milli-

grams) daily for men and women up to age 50 [77]. Women over age 50
and men over age 70 should increase their intake to 1,200 𝑚𝑔 daily from a
combination of foods and supplements.
 obtaining 600 𝐼𝑈 (International Units ≈ 0.025𝜇𝑔) of vitamin D daily up

to age 70 [77]. Men and women over age 70 should increase their uptake
to 800 𝐼𝑈 daily.
 5-15 minutes exposure to sunlight 4-6 times per week [78]

1.4

Objectives and Scopes of the Study

The objective of this study is to develop a two-level subject-specific biomechanical model for improving assessment of hip fracture risk. The expected outcomes of the research
are twofold: (a) provide a more accurate hip fracture risk predictor than the currently existing techniques; (b) increase the applicability of the model in clinics.
To achieve the objective, a dynamics model at the musculoskeletal level is integrated
with a finite element model at the femur level. The scopes of the study are (a) modeling
of the human body to simulate the sideways fall and to determine the impact and internal
forces applied to the proximal femur; and (b) applying the obtained loading condition to
the proximal femur finite element model to determine hip fracture risk indices. By implementing the models into computer codes with well-designed user interface, it is ex-
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pected that the models will be able to help clinicians to more accurately assess the hip
fracture risk.

1.5

Organization of the Dissertation

This dissertation is organized into seven chapters. Chapter 1 introduces the background
and justifies the significance of the present study by looking into the prevalence, causes,
and consequences of the hip fracture.
Chapter 2 reviews the existing approaches for assessing hip fracture risk. Their advantages and limitations are discussed.
Chapter 3 starts with a general description of the two-level subject-specific biomechanical model, followed by a description of the need for developing a whole-body dynamics model and a proximal femur finite element model for assessing the risk of hip
fracture.
In chapter 4, the whole-body dynamics model, the impact model and their application
in determining the loading condition in a lateral fall are described in detail.
Chapter 5 presents the construction of the proximal femur finite element model, load
application, boundary conditions, and material properties assignment. At the end of this
chapter, the method for calculating fracture risk indices (FRI) at critical regions of interest is introduced.
Chapter 6 presents results of the dynamics model in predicting the impact force in a
sideways fall that are validated using experiment data. Also, results of the proposed two-
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level subject-specific biomechanical model in assessing the hip fracture risk indices of
130 clinical cases are included in this chapter.
Chapter 7 summarizes the findings in this research and outlines some possible extensions for further studies.

Chapter 2
Literature Review

High incidence and serious consequences of hip fracture have urged researchers from different communities to develop more effective techniques for predicting and preventing
hip fractures. For example, nutritionists and pharmacologists have worked to reduce the
risk of hip fracture by increasing bone mineral density (BMD) and preventing bone loss
[15] [79]. Radiologists proposed different methods to measure the BMD by exposing patients to the X-ray beams and clinicians have used the results of BMD testing as a tool for
predicting hip fracture [80, 81]. Biomechanical engineers have contributed in developing
mechanical tools such as Finite Element Models (FEM) and structural analysis to accurately assess hip fracture risk. The present chapter reviews currently available approaches
for evaluating hip fracture risk.
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Available Methods for Evaluating Hip Frac-

ture Risk, Their Advantages and Limitations
The World Health Organization (WHO) recommended BMD testing for diagnosing osteoporosis, due to its reliable performance in measuring bone mineral content. Currently,
the measurement of areal bone mineral density (aBMD) by DXA is a commonly used
non–invasive hip fracture risk assessment tool. Hip Structural Analysis (HAS) evaluates
femur strength using equivalent cross-section parameters. Fracture Risk Assessment Tool
(FRAX) uses population-based statistical databases to predict ten-year hip fracture risk in
a patient. Finite element analysis is another tool for predicting hip fracture risk, which is
recently well established and developed in simulating the femoral bone under fall loading
conditions. A review of tools for assessing hip fracture risk is presented in the following
sections and their advantages and limitations are discussed.

2.1.1

DXA Imaging, Areal BMD and T-score

Bone densitometry based on hip DXA is now a well-established method in clinical centers for monitoring osteoporosis. This method evaluates the bone mineral densities at critical locations and compares the measured BMD with that of healthy young persons. DXA
is the most widely used method for measuring BMD due to its low dosage of radiation,
high measurement precision, easy calibration, and short scan time [82]. It is, therefore, referred to as the “gold standard” by the WHO [83].
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The fundamental principle used in DXA scanning is to measure the transmission of Xrays of two different energy levels through the body [84]. DXA scanning enables estimating the ‘areal’ densities, i.e., the mass in grams over the unit projected area (𝑐𝑚2 ). The
obtained bone mineral density is thus called areal BMD. Areal BMD is usually measured
at the narrowest femoral neck, the inter-trochanter, and over the whole proximal femur.
Bone densitometry using DXA images is a sensitive technique and can detect changes in
bone density 6 to 12 months after an effective osteoporosis therapy [85]. It is also currently used as an indicator of fracture risk [86]. The severity of osteoporosis and the fracture risk of a patient are measured by the so-called T-score [87]. The T-score is calculated
as
T-score =

𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝐵𝑀𝐷−𝑌𝑜𝑢𝑛𝑔 𝑎𝑑𝑢𝑙𝑡 𝑚𝑒𝑎𝑛 𝐵𝑀𝐷
𝑌𝑜𝑢𝑛𝑔 𝑎𝑑𝑢𝑙𝑡 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛

.

(2.1)

The T-score, therefore, indicates the difference between the patient’s BMD and the mean
peak bone mass achieved in healthy young adults.
According to the WHO report [88], osteoporosis and fracture risk are defined by bone
density levels as follows:


A T-score within 1 Standard Deviation (SD) (−1 <T-score< 1 ) of the young
adult mean indicates normal bone density (low fracture risk).



A T-score of 1 to 2.5 SD below the young adult mean (−2.5 <T-score< −1) indicates low bone mass (intermediate fracture risk).



A T-score of 2.5 SD or more below the young adult mean (T-score< −2.5) indicates the presence of osteoporosis (high fracture risk).
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In general, the risk for bone fracture doubles with every SD below normal. Thus, a
person with a BMD of 1 SD below normal (T-score of -1) has twice the risk for bone
fracture as a person with a normal BMD. A person with a T-score of -2 has four times the
risk for bone fracture as a person with a normal BMD [35].
In addition to the T-score, Z-score is another way of measuring osteoporosis and assessing fracture risk [89]. Similar to the T-score, the Z-score is expressed in units of the
population SD. However, instead of comparing the patient’s BMD with those of young
adults, it is compared with the mean BMD expected for the patient’s peers. The Z-score
is defined as
Z-score =

𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝐵𝑀𝐷−𝐴𝑔𝑒 𝑚𝑎𝑡𝑐ℎ𝑒𝑑 𝑚𝑒𝑎𝑛 𝐵𝑀𝐷
𝐴𝑔𝑒 𝑚𝑎𝑡𝑐ℎ𝑒𝑑 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛

.

(2.2)

Although not as widely used as T-score, Z-score nevertheless remains a useful measurement because it expresses the patient’s risk of fracture relative to their peers. Z-score
is a more appropriate method for assessing the hip fracture risk in elderly compared to Tscore. Based on the T-score criterion, a large proportion of old people are classified in the
osteoporotic category, even if the BMD is normal for their age [90]. It means T-score is
not a proper fracture risk evaluator for the elderly. This deficiency does not appear in Zscore measurement since the patient’s BMD is compared with the mean value of peers
with matched age.
The radiation dosage used in DXA scanning is about 1 to 10 μSv, which is comparable
to the average daily dose from natural background radiation (7μSv) [91, 92]. Therefore,
DXA has been widely adopted in osteoporosis monitoring centers. Nevertheless, bone
densitometry based on DXA scanning has a number of limitations. A DXA image tells
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nothing about how the mineral is distributed along the projection path; thus, it cannot be
used to draw conclusions about tissue mineralization or porosity [93]. The use of Tscores is inappropriate in children and young adults [94], as their bone density has not yet
reached the peak value. Also, there is less evidence for establishing a valid diagnostic
threshold for men [95]. The International Society for Clinical Densitometry (ISCD) recommended the use of the Caucasian male normalized database and a T-score of – 2.5 as a
diagnostic threshold [96]. However, the WHO recommended using the same value as
used to define osteoporosis in women [95]. This requires further investigation in order to
standardize the approach used in different clinical services. It can also be argued that the
WHO definition of intermediate fracture risk (−2.5 <T-score< −1) covers too large a
percentage of women under the category of osteopenia. Furthermore, the WHO definition
of high risk of fracture (T-score< −2.5) only covers too small a percentage of the severe
osteoporosis patients while the majority of fractures occur in patients with T-score above
the threshold [95, 97]. This criterion is thus not effective, particularly for making remedial decisions.

2.1.2

Computed Tomography and Volumetric BMD

Computed Tomography (CT) is a powerful non-destructive evaluation technique for producing three-dimensional (3D) images of an object. It is presently the accepted method
for the measurement of volumetric Bone Mineral Density (vBMD), expressed in units of
𝑚𝑔/𝑐𝑚3. Contrary to the projection used in DXA scanning, CT uses X-rays from multiple angles to generate and reconstruct 3D-image datasets of the scanned object. Volumet-
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ric quantitative CT (vQCT) also provides detailed 3D information of bones. Materials
with large atomic numbers and higher densities have higher X-ray attenuation. The level
of X-ray attenuation is expressed as CT numbers, measured in Hounsfield units (HU).
After being calibrated with scan phantoms, HU is used to calculate the bone mineral density.
Information of the internal structure of an object such as dimensions, shape, and internal defects are readily available from CT images. Although DXA still remains the predominant screening tool for evaluating the fracture risk because of its lower radiation
dosage and cost, the use of quantitative CT has increased recently due to its ability to
separate cortical and trabecular bone and ability to provide true volumetric density [98].
Areal bone mineral density measured from the DXA image has a strong correlation with
hip fracture risk [99, 100], but it is not able to provide detailed anatomic information of
the pathophysiology of hip fracture [101].
Quantitative CT provides information on bone size such as tissue volume and crosssectional thickness along with the trabecular volumetric BMD [98]. Trabecular bone has
a higher turnover rate than cortical bone due to its greater surface area. That is the reason
why QCT is known as a very useful technique to monitor bone turnover and assess the efficacy of a treatment. Despite of the high dosage of radiation required for preparing a
QCT image, it has become a clinical research tool in analyzing hip fracture risk [102].

2.1.3

Hip Structural Analysis (HSA)

Beck and Ruff [103] developed a hip structural analysis method to measure proximal femur geometry and strength using hip DXA scans [93]. HSA program is now commercial-
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ly available and is used to automatically assess the geometric and structural parameters of
the femur. The method is based on the principle that a line of pixel values across the bone
is summed up in the projected DXA image [103]. The program analyzes the proximal
femur at three locations: the narrowest femoral neck, the intertrochanteric cross-section
along the bisector of the neck-shaft angle, and the sub-trochanteric cross-section that is
approximately five centimeters below the lesser trochanter. For each region, the distribution of the bone mass across the bone is extracted and then equivalent geometry properties are derived [104]. The output of the HSA program includes the following parameters:


Areal BMD (𝑔⁄𝑐𝑚2 ): mean values of BMD in the critical cross-sections [10].



Outer diameter (𝑐𝑚): the distance between outer margins of the cross-section.



Cross-sectional area (CSA,𝑐𝑚2 ): this is defined as the surface area of bone tissue
in the cross-section after excluding soft tissue spaces. CSA is an index of resistance to the axial force.



Cross-sectional moment of inertia (CSMI, 𝑐𝑚4 ): index of structural rigidity; reflects distribution of mass over the cross-section.



Section modulus (𝑐𝑚3 ): this is an index of the resistance to bending forces and is
calculated as 𝐶𝑆𝑀𝐼 ⁄𝑑𝑚𝑎𝑥 where 𝑑𝑚𝑎𝑥 is the maximum distance from either bone
edge to the centroid of the profile [105].

HSA has been used to measure effects of osteoporosis treatment, as well as to analyze
age-related differences in structural geometry and femoral strength [106].
The main limitation of HAS is that DXA scanners are not designed or optimized for
structural analysis. DXA scanners have excellent precision when used for measuring
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BMD, but they are not designed to measure geometry [107]. The dimensional information presented in a single projection image can only reveal bending properties in the
image plane. Small femur axial rotation may change the projected dimensions from
which the geometry is measured. Although HSA provides critical insights into the bone
fragility, it is not superior to BMD measurement in hip fracture predicting [108]. The reproducibility of HSA is not as good as that of conventional DXA analysis and the results
are more operator-dependent [109]. Precision in measuring structural parameters of
paired images using HSA is worse than conventional BMD due to the positioning inconsistence [110]. HSA is not able to distinguish mineralization contributed by different
bone types, for example cortical and cancellous bone, and it thus measures average tissue
mineralization which may introduce error into the output parameters [107].

2.1.4

FRAX

FRAX® is a 10-year fracture risk assessment tool, adopted by the WHO. The FRAX®
model has been developed from studying population-based cohorts in Europe, North
America, Asia and Australia [111]. It has been developed as a tool for helping healthcare
providers to identify and proactively treat patients with a high risk of bone fractures due
to low bone mass and other significant risk factors.
The significant contributors to the osteoporotic fracture risk are BMD, age, sex, ethnicity, body mass index (BMI), prior fracture, parental history of hip fracture, current
smoking, and daily alcohol consumption [111]. Population-based statistical databases are
used in the fracture risk assessment tool. FRAX® models were internally and externally
validated [112, 113]. If a model is validated from a stratum of the same population, then
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it is called internal validation. The external validity concerns the extent to which the results are true for new cases, for example different populations.
The FRAX tool has limitations in predicting bone fracture:


Not all risk factors are considered properly in the FRAX® tool such as the effect
of osteoporosis therapy; therefore, the actual risk may be considerably over- or
underestimated [114].



Although fall history is a well-recognized risk factor for fracture, this is not included in the FRAX® [114].



The main limitation of the FRAX® is that it does not take the accurate fallinduced impact force into account that is critically important in hip fracture risk
assessment [30, 115]. Fall-related parameters may be included in FRAX®, but data needs to be collected in a systematic way and results must be validated for optimal performances.

2.1.5

Proximal Femur Finite Element Models Constructed from

QCT or DXA Images
The finite element method, an advanced computational method for structural stress analysis developed in engineering mechanics, was introduced to orthopedic biomechanics in
1970s to evaluate stresses in human bones [116]. Since then, this method has been increasingly applied in stress analyses of bones and bone-prosthesis structures [117]. From
a biomechanics viewpoint, an approach that is able to consider complex geometries and
to accurately represent the heterogeneous distribution of material properties of bone may
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provide more accurate estimation of bone strength, compared to the BMD-based methods. In this regard, there is an increasing interest in the use of FE analysis to assess bone
biomechanical behavior. For the FE simulations, different commercially available softwares such as ANSYS and ABAQUS or in-house computer codes developed by
MATLAB, C, etc. are usually used.
Since 1970s, the finite element method, along with digital imaging techniques, has
been used to investigate bone strength and to screen osteoporosis. Generally, the biomechanical FE models can be classified into two groups, i.e., three-dimensional (QCTbased) and two-dimensional (2D) (DXA-based), which are described in the following.
DXA-based finite element modeling:
The general procedure of the DXA-based FE method is that the two-dimensional geometry of the femur is extracted from the hip DXA image using image processing algorithms
[118]. The segmented proximal femur from the DXA image is meshed and the inhomogeneous material properties are assigned. Load/constraint conditions are then applied to
the constructed model to calculate the strain and stress distribution in the proximal femur.
The DXA-based FE models have limitations in predicting hip fracture. As the DXA is
a 2D image, the overlapped part of the femur with pelvis interferes model construction
and the BMD of the femoral head is overestimated from the DXA image. It means that
the actual fracture risk is higher than what is calculated by the DXA-based FE models.
The other issue in estimating the overall fracture risk is that a high stress is generated on
the shaft due to the applied boundary conditions on the distal end of the femur. These
stresses interfere the calculation of fracture risk, but they are not realistic as the applied
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constraint conditions do not accurately simulate the real boundary conditions. The mentioned limitations should be removed to improve the DXA-based FE models. Although a
2D DXA-based FE model is not a realistic representation of the real femur as the geometric and material information in depth is missing, it can determine the fall-induced stress
and strain distribution in the femur with a reasonable accuracy [119]. The validity of using a 2D DXA-based FE model to predict strength and fracture of a 3D femur bone has
been established by experimental efforts [119, 120]. Also, DXA imaging requires lower
dosage of radiation compared to QCT imaging, which makes the 2D FE models more
suitable for clinical application.
QCT-based finite element modeling:
DXA scanning technique has certain limitations, namely, a 3D object is projected onto a
2D plane and the depth information is lost, while this issue does not appear in computed
tomography. For the complex geometry of bones, a QCT-based finite element model [47]
is in principle more accurate in evaluating bone strength and fracture risk. One group of
the finite element models have been constructed directly from voxels of QCT scans. The
main advantage of voxel-based FE models is that they can be generated extremely fast.
However, voxel elements lead to jagged edges due to protruding vertices of the cubes at
the surface, which results in errors in the computed local stresses and strains [56]. More
recently, volumetric modeling of trabecular bone has been accomplished using tetrahedral elements [56]. By using this technique the bone surface can be represented more accurately; however, the mesh generation requires much longer time [56, 121-126].
High-resolution peripheral QCT (HR-pQCT) is a newly developed in vivo clinical imaging modality. It can assess the 3D microstructure of cortical and trabecular bone and is
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suitable as an input for microstructural finite element analysis to evaluate bone's mechanical properties [127-129].
Although QCT scans contain all required information to construct a 3D finite element
model, it has a number of limitations mainly due to its high dosage of radiation [130],
which may introduce several side effects to the patient [131], and long computational
time. Also, the high cost of scans and limited access to scanners prevent the potential applications of QCT-based finite element models in clinical environment.
Considering the advantages of the FE analysis over the statistical methods in predicting the hip fracture risk and the ability of constructing a subject-specific model, we selected image-based FE modeling in this research. Due to the mentioned limitations in
QCT imaging, in particular the high dosage of radiation and the fact that fewer people are
willing to do QCT scanning, we chose the DXA-based finite element modeling to assess
hip fracture risk, as it will increase the applicability of the model in clinics.
All existing finite element models developed for studying hip fracture risk are of single-level; i.e., they do not consider how the impact force is affected by the whole body
dynamics in fall. Since the impact force is one of the major contributors to hip fracture, it
definitely affects the predicted fracture risk. Previously, simple empirical functions were
adopted to estimate the impact force by considering the body weight and height [21, 132134]. However, the impact force is affected by many anthropometric and kinematic parameters including body weight, body height, velocities of body segments, body configuration before the impact, etc. All the mentioned parameters are subject specific and must
be determined by a subject-specific dynamics model.
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Bone Fracture Criterion and Hip Fracture

Risk Measurement
Assessment of hip fracture under stance loading or lateral impact force is usually performed using three criteria: factor of safety (FOS) [135], risk factor (RF) [59], and fracture risk index (FRI) [136]. In this section a review is performed on previously adopted
bone fracture criteria and introduced hip fracture risk measurements, in both 2D and 3D
FE models.
Keyak et al. [135] assessed FOS under two loading conditions; one representing loading during the stance phase of gait, the other simulating the impact from a fall. Their
study was based on a 3D FE model generated from CT data of the patient. They calculated FOS to compare the actual element strength with the applied von Mises stress.
Schileo et al. [137] applied maximum principle strain, von Mises stress, and maximum
principle stress criteria to calculate Risk Factor and to predict fracture location of the femur. RF compares the applied stress/strain with the yield one to predict the bone fracture.
Lotz et al. [138, 139] also used von Mises stress yield criterion for cortical bone and
crushing-cracking stress criterion for trabecular bone. The performance of nine stressand strain-based failure theories in assessment of hip fracture is investigated by Keyak
and Rossi [140]. They evaluated the distortion energy (DE), maximum normal stress,
maximum normal strain, maximum shear strain, maximum shear stress, Coulomb-Mohr,
modified Mohr, Hoffman and a strain-based Hoffman failure theories, using CT-based
FE models of the femur [140].
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The above mentioned fracture risk measurements are all derived from CT-images. The
most recent DXA-based fracture risk criterion is proposed by Luo et al. [136]. They calculated the averaged FRI as a ratio between the effective stress (von Mises stress) by applied forces and the allowable stress (yield stress) of the bone over a region of interest
(ROI). FRI is a local fracture risk measurement while FOS and RF are global ones. As it
is aimed to determine the fracture risk in critical locations of the proximal femur using
DXA images, the FRI is adopted in this study.

Chapter 3
A Two-Level Biomechanical Model for
Assessing Hip Fracture Risk

Hip fracture risk in a sideways fall is affected by a number of factors, for example, the
impact force and the strength of the femur. The impact force acting on the greater trochanter depends, in turn, on the velocities and kinematics of the body segments at landing. The configuration of body segments at the impact instant provides information on the
loading conditions, which is related to the subject’s ability to initiate and execute protective responses for a safe landing. The induced impact energy is then partially attenuated
by the hip soft tissues and the rest is transferred to the greater trochanter. Meanwhile, the
joint force is applied from the pelvis to the femoral head and affects the stress distribution
in the proximal femur. This chapter first provides a general description of the two-level
biomechanical model, and then justifies the need for subject-specifically developing a
whole-body dynamics model and a proximal femur finite element model for assessing hip
fracture risk.
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Biomechanical

Modeling of Sideways Falls
This study introduces a two-level biomechanical model consisting of a whole-body dynamics model and a proximal femur finite element model. The whole-body dynamics
model is used to predict the impact force onto the greater trochanter in a sideways fall.
The load/constraint conditions determined from the whole-body dynamics simulation are
then applied to the proximal femur finite element model to calculate the stresses in the
femur bone. All information required to construct the models is extracted from the subject’s whole-body and hip DXA scan in order to make the models subject-specific. The
DXA images used in this study are obtained from the Manitoba Bone Mineral Density
Program under a human body research ethics approval issued by the University Human
Research Ethics Board. The procedure of constructing the two-level biomechanical model is illustrated in Figure 3.1 and described in detail in the following sections.

Figure 3.1. Procedure of constructing the two-level biomechanical model for assessing hip fracture risk
[141]
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The Whole-body Dynamics Model for Predicting the Im-

pact Force Induced in Sideways Falls
There are many situations where hip fracture can be developed, but for the elderly clinical data have shown that more than 90% of hip fractures are caused by fall, mostly from
standing height [25, 29-31]. Reasons may include the decreased muscular strength of the
elderly as well as the impairment of cognition, perception and vision [6] that may increase the fall risk. Growing evidence suggests that body segments kinematics at the impact moment is one of the most important determinants of the fall-induced hip fracture
[142]. Of primary importance is whether or not the impact occurs to the lateral aspect of
the pelvis or the side of the leg [39, 143]. It has been reported that sideways falls create a
6-fold greater risk for hip fracture than forward or backward falls [33], as the hip is covered by less soft tissues and lower portion of the impact energy is thus attenuated during
the impact. Statistical studies revealed that 63-69% of fall-related fractures occurred in
sideways falls [8, 32]. Hence, dynamics study of the sideways fall is necessary for assessing hip fracture risk and for investigating factors contributing to the hip fracture.
Falls coupled with high impact velocity are more likely to result in the hip fracture
[39], which implies that kinematic parameters play important roles in the hip fracture etiology [54]. It also indicates that hip fracture risk depends largely on fall dynamics. There
are a number of challenges in studying fall dynamics, for example, the limitation in fall
experimentation due to safety concerns, technical difficulties in measuring rapid impact
motions, inability to generate in vivo joint kinetics and kinematics, specimen variability,
etc. [144]. To resolve the mentioned issues, a practical way is to develop and validate a
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whole-body dynamics model, and then implement the model into computer simulation
softwares. Simulation results can provide a valuable insight into the biomechanical aspects of fall-induced hip fracture. The simplest yet effective biodynamics model of falling is a single degree-of-freedom (DoF) model subjected to an initial velocity or an impulse force [134], which can be extended to multi-DoF models [133, 144-147] or more
sophisticated rigid-body link models [148-153].
Although more complex dynamics models of the human body are available in the literature, with a consideration of a balance between the model complexity, the accuracy in
predicting the loading conditions, the computational efficiency, and the applicability in
clinics, a three-link dynamics model is developed in this study to investigate sideways
falls.

3.1.2

The Proximal Femur Finite Element Model for Evaluat-

ing Hip Fracture Risk
Apart from the need for a valid dynamics model to predict the body kinematics and the
impact force induced in fall, a method is required to predict the behavior of the proximal
femur under the fall loading conditions. Currently available methods for in vivo hip fracture risk assessment are mainly based on statistical models. One major deficiency of a
statistical approach is that it is only suitable on averaging over a group of people rather
than individual analysis. Therefore, a reliable method for the assessment of hip fracture
risk considering individual femur properties is needed.
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A considerable amount of in vitro studies have been performed over the last two decades in an attempt to develop more accurate models to predict femoral fracture [137, 138,
154-164]. However, care must be taken to ensure that these in vitro models accurately describe the in vivo condition [165].
The limitations of current in vitro and statistical methods make image-based FE modeling attractive as one of the potential tools for assessing hip fracture risk. However, the
currently available image-based FE models have a number of limitations, mainly in applying load/constraint conditions that has been discussed in Section 2.1.5. In this study,
the mentioned limitations are eliminated by developing the two-level subject-specific
biomechanical model.

3.2

The Need for a Two-Level Model

Hip fracture is affected by a number of parameters such as body weight, body height,
body configuration at the instant of the impact, femur bone geometry, local bone density,
etc. These parameters take effect at different scale levels and affect different physical
outcomes. For example, body weight, body height, and body mass distribution take effect
at the musculoskeletal level and affect the magnitude of the impact force induced in a
sideways fall, while the femur bone geometry and local bone density take effect at the organ level (femur bone) and affect the stress distribution in the femur bone. It is very difficult to consider all these parameters within a single-level biomechanical model. The currently available models for assessing hip fracture risk are of single-level and mainly consider the parameters at the femur bone level, while the parameters at the musculoskeletal
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level are missed, which may considerably affect the predicted fracture risk. Therefore, the
development of a two-level biomechanical model is necessary for improving assessment
of hip fracture risk. Figure 3.2 conceptually shows how assessing hip fracture risk requires a two-level biomechanical model.

Figure 3.2. A two-level biomechanical model is necessary for accurately assessing hip fracture risk. Parameters at the musculoskeletal level (body weight, body height, body mass distribution, and joint torques) affect the magnitude of the impact force induced in a sideways fall while the femur-related factors (proximal
femur anatomy, bone geometry, cortical thickness, and porosity) affect the stress distribution in the femur
bone [24].

3.3

The Need for a Subject-Specific Model

Advances in techniques for subject-specific biomechanical modeling can result in patientspecific prevention and protection planning. Although the use of non-subject specific
simulations is now quite widespread, there have been several empirical demonstrations of
advantages of the subject-specific modeling in biomechanical studies [137, 154, 159].
Various clinical and FE studies have demonstrated that hip fracture is related to anthropometric parameters, bone quality [165], proximal femur anatomy [166-169], cortical
thickness [170, 171], porosity [172, 173], hip soft tissue thickness [20, 174, 175], landing
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surface [70, 176], etc. All these parameters are individual-dependent as they vary with
gender, race and age [177-179]. Therefore, hip fracture risk in a sideways fall differs
widely from individual to individual, and for one individual from fall to fall. It is thus
necessary to integrate all the subject-specific parameters to accurately assess hip fracture
risk. Figure 3.3 illustrates how various parameters may change the hip fracture risk in different subjects. The main advantages of a subject-specific model over existing nonsubject-specific models in assessing the hip fracture risk are as follows:


All factors affecting the fall-induced forces to the proximal femur are considered
and thus the predicted loading conditions are more realistic.



The subject’s femur anatomy and material properties are considered in the FE
modeling and therefore the predicted stresses and strains in the femur are more
accurate.



As the models are constructed from the subject’s medical images, the biofidelity
of the models is improved.

As this study introduces a two-level biomechanical model consisted of a dynamics model
and a finite element model, both should be subject-specific for more accurately assessing
hip fracture risk. Anthropometric parameters, which can considerably affect the loading
scenario in a sideways fall, are determined subject-specifically using the whole-body
DXA image. Femur anatomy and bone material distribution are also considered in a subject-specific FE model using the proximal femur DXA image.
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(a)

(b)
Figure 3.3. How hip fracture risk is affected by subject-specific anthropometric parameters. (a) Body
weight, body height, and body mass distribution vary from individual to individual which strongly affect
the kinematics of body falling and the applied impact force to the femur. (b) Trochanteric soft tissue thickness and femur-related parameters are thoroughly different in different subjects which significantly change
the induced stress on the femur in a sideways fall [180].

Chapter 4
Subject-Specific Whole-Body Dynamics Model

Dynamics simulation of a sideways fall based on a multibody dynamics model is an effective and practical way for determining the impact force in a lateral fall of the elderly.
However, there are a number of parameters affecting the accuracy of the predicted impact
force, including the body anthropometric parameters, mass distribution, etc., which are all
subject-dependent. Therefore, there must be an in vivo, non-invasive and convenient
method for determining the parameters. Body tissue mass estimation based on the whole
body DXA image meets all these requirements and it is thus adopted in this study. The
method is described in more details in Section 4.1. The sideways fall process can be split
into two stages: the fall of the body before the hip touches the ground and the impact of
the hip with the ground. These two stages are governed by different mechanical principles and thus mathematical equations which are described, respectively, in Sections 4.2
and 4.3. The validity of the whole body dynamics model must be examined before it can
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be applied in clinical environments. The validation was done by controlled and protected
fall tests using young volunteers, as described in Section 4.4.

4.1

Estimation of Body Segment Parameters Us-

ing the Whole-Body DXA Image
Most previous studies [133, 134, 144, 149, 152, 153] have used Newtonian forward dynamic simulations of falling, which require predetermined model parameters. Thus, inaccurate estimation of model parameters such as anthropometric parameters can limit the
validity of the model itself and compromise the accuracy of simulation results [20].
Therefore, an accurate and convenient method is required for determining anthropometric
parameters of the subject. In this study, an image-based method is used to determine the
required parameters in constructing the whole-body dynamics model.
Among all medical images, DXA scanning is selected to be used in this study, which
was primarily developed for diagnosis of osteoporosis. The wide demand of DXA scanners in clinics has led to the development of different competing generations of the
equipment. Improvements have been achieved through advances in X-ray generation and
detection technology as well as implementation of more sophisticated image analysis algorithms [181]. As a result, DXA has been extended to allow the study of the total skeleton and its regional parts, as well as soft-tissue composition measurement [181]. Since
DXA scanning is cheap, non-invasive, quick, quantitative and reproducible with low dosage of radiation and acceptable accuracy compared to other imaging techniques [125,
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181-198], it is used in our study for determining the parameters required in the dynamics
model [199, 200]. The concept that the attenuation coefficients of X-ray are proportional
to mineral contents in the tissues is used in this study to estimate the anthropometric parameters from whole-body DXA images.
A conventional method of using physical measurements of body segments, e.g., circumference, height, length and breadth, has been introduced to estimate the mass of body
segments [196], but the results are not applicable for all image formats. Correlations between tissue mass density and pixel intensities in DXA images have been established and
validated by experiments [201]. Bone and soft tissue masses can be estimated by considering the attenuation coefficients resulted from passing X-ray through a scanned segment
[201]. In this section, a method is presented to extract the anthropometric parameters
from a whole-body DXA image.
First, a DXA image (Figure 4.1) is loaded in developed in-house MATLAB codes,
noise is filtered, and the pixel size is determined. It has been demonstrated that there is a
linear correlation between the pixel intensity in the DXA image and the tissue mass density [201-203]. The correlation coefficient in this study has been determined as
𝑊

𝐶𝐶 = ∑𝑛

𝑖=1 𝑃𝑖

,

(4.1)

where 𝑊 is the body weight of the subject, 𝑛 is the total number of pixels enclosed in the
body contour, and 𝑃𝑖 is the pixel intensity of pixel 𝑖. With the above correlation coefficient, the mass of pixel 𝑖 is obtained as follows:
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𝜌𝑖 = 𝐶𝐶 × 𝑃𝑖 .

(4.2)

Figure 4.1. A whole-body DXA image

Then, mass, mass centre, and mass moment of inertia of the body segments are calculated
as
𝑁𝑘

𝑚𝑘 = ∑ 𝜌𝑖 ,
𝑖=1

𝑘
∑𝑁
𝜌𝑖 𝑟𝑖
𝑟𝑘 = 𝑖=1
,
𝑚𝑘

𝑁𝑘

𝐼𝑘 = ∑ 𝜌𝑖 𝑟𝑖 2 ,
𝑖=1

(4.3)

(𝑘 = number of body segment)

where 𝑁𝑘 is the number of pixels enclosed in the contour of body segment 𝑘 and 𝑟𝑖 is the
distance of pixel 𝑖 from the distal end of the link. The above method has been used in this
study to determine the body anthropometric parameters required in the dynamics model.
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Since the mass constant is defined based on the attenuation coefficients in the image, this
method is able to estimate the body mass from a wide range of DXA image formats. It
increases the applicability of our biomechanical model in clinics.

4.2

Whole-body Dynamics Model

Based on the available literature [133], an improved human body dynamics model is introduced in this chapter. Design of the model starts with the selection of the number of
links. In designing the multibody dynamics model, the model complexity, computational
efficiency, ease of adopting in clinics, as well as the ability to represent the most effective
body segments in a fall are considered and as the result, a three-link model is adopted
from [133] and improved in this study. Since most of the body motions during falls are
described by the positions of the ankle, the knee, and the hip joint, a three-link model that
includes these joints is appropriate. The three-segment dynamic system used in the locomotion simulation is depicted in Figure 4.2. The first segment represents the lower leg
between the ankle and the knee joint, the second segment represents the upper leg between the knee and the hip joint, and the third segment represents the combined mass and
inertia of the rest of the body (trunk, arms, and head). The mass (𝑚𝑖 ) and inertia (𝐼𝑖 ) of
each segment is assumed to be constant with respect to the local coordinate system. In reality, movement of the arms in fall would likely alter the inertia of the third segment, but
it is assumed that this alteration would not have a large enough impact on the forces and
moments at the hip joint [204] to warrant the much greater complexity that would be required in the model to account for this. A rectangular coordinate system x-y-z is set up in
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the Figure 4.2 for describing the motion of the links. Each segment is described by its
length (𝑙𝑖 ), and the mass center measured from the distal end (𝑙 ′ 𝑖 ). The mass center of
each segment is assumed to lie along the line connecting the joints. The links are connected by articulation joints at the hip and the knee. The model is connected to the
ground by the ankle joint with the assumption that there is no slippage between the feet
and the ground during the fall. This assumption is considered in order to avoid the significantly greater complexity of modeling a dynamic system that is not anchored to the
ground. It is anticipated that a fall due to slipping would not significantly increase the applied force to the hip during impact [204] since the same potential energy is involved in
either case and an anchored fall would likely increase the kinetic energy before the impact since a part of energy is lost due to friction in slipping. Therefore, the vertical impact
velocity and subsequently the impact force is greater in the anchored fall compared to the
fall with slippage [204].

Figure 4.2. Three-link whole-body dynamics model: (a) three-dimensional view; (b) projection on sagittal
plane; (c) projection on coronal plane [141]
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Degrees of freedom are defined at the joints. The ankle joint has two degrees of freedom, representing flexion/extension in the sagittal (xz) plane and abduction/adduction in
the coronal (yz) plane. The knee joint has a single DoF describing the flexion/extension
rotation. The hip joint has a rotational DoF representing hip abduction/adduction. Therefore, three generalized coordinates, 𝛼, 𝛽 and 𝛾 as shown in Figure 4.2, are required to describe the motion of the links. The physical meanings of the degrees of freedom are described as follows:


𝛼: the angle between the vertical and the projection of the leg segment on the
yz plane



𝛽: the angle between the shank segment and the line connecting the hinge at
the floor with the hip joint



𝛾: the angle between the vertical and the projection of the trunk segment on the
yz plane

Angle 𝜅 between the trunk and the line through the hinge at the floor and the hip joint is
assumed to have a constant value in a fall [133]. Lateral flexion of the trunk is described
by the 𝛾 angle, which usually changes in a sideways fall compared to the trunk angle in
the sagittal plane [133]. However, 𝜅 may have different values in different falls depending on the initial conditions.
Motion equations of the three-link three-DoF dynamics model are established by the
Lagrange Dynamics [205, 206]. As the derivation is not trivial, MAPLE codes are developed to derive the specific equations from the following general Lagrange equation. The
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resulting equations contain the generalized coordinates, their first and second order time
derivatives.
𝜕 𝜕𝑇
𝜕𝑇 𝜕𝑉
( )−
+
= 𝜏𝑖
𝜕𝑡 𝜕𝑞𝑖̇
𝜕𝑞𝑖 𝜕𝑞𝑖

(𝑖 = 1, 2, 3)

(4.4)

In the above equation, 𝑞1 = 𝛼, 𝑞2 = 𝛽, 𝑞3 = 𝛾; 𝑇 and 𝑉 are respectively the kinetic and
potential energy in the system expressed by the three generalized coordinates and their
time derivatives. Derivation of the terms in the left-hand side of the Eq. (4.4) is given in
Appendix A. The generalized moments 𝜏𝑖 (𝑖 = 1, 2, 3) in Eq. (4.4) are the integral results
of actions of muscles, tendons, and ligaments across the joints that have a complex configuration and vary in different body motions. Ligaments and tendons sustain relatively
large deformations, rotations and displacements, have a highly non-linear behavior and
show a time and strain rate dependency [207, 208]. In this study, a combination of the
dynamics model and the experimental data is used in a reverse procedure to estimate the
joint moments.
The right-hand side of the Eq. (4.4) which describes joint moments can be expressed
as a function of time since the generalized coordinates are time-dependent expressions.
To find the time history of 𝛼, 𝛽, and 𝛾 from the experiments, which are conducted on
three participants, information of each angle is recorded from the release point to the impact moment. Then, a fourth-order polynomial is used to interpolate their variations with
respect to time as
𝛼𝑡 = −363.5𝑡 4 + 144.3𝑡 3 − 13.39𝑡 2 + 0.3320𝑡 + 1.175
𝛽𝑡 = −217.2𝑡 4 + 111.3𝑡 3 − 11.30𝑡 2 + 0.2987𝑡 + 0.8931

(4.5)
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𝛾𝑡 = 174.7𝑡 4 − 70.43𝑡 3 + 5.015𝑡 2 − 0.0716𝑡 + 0.6375,
for subject 1, and
𝛼𝑡 = −349.1𝑡 4 + 118.4𝑡 3 − 9.291𝑡 2 + 0.5201𝑡 + 1.096
𝛽𝑡 = −613.2𝑡 4 + 223.8𝑡 3 − 20.66𝑡 2 + 0.7108𝑡 + 0.8379

(4.6)

𝛾𝑡 = −108.9𝑡 4 + 62.25𝑡 3 − 5.207𝑡 2 − 0.2187𝑡 + 0.6719,
for subject 2, and
𝛼𝑡 = −103.4𝑡 4 + 72.57𝑡 3 − 11.66𝑡 2 + 0.4491𝑡 + 0.6935
𝛽𝑡 = −110.2𝑡 4 + 68.78𝑡 3 − 6.776𝑡 2 + 0.1765𝑡 + 0.5192

(4.7)

𝛾𝑡 = 78.83𝑡 4 − 24.77𝑡 3 − 3.791𝑡 2 + 0.3226𝑡 + 0.8588,
for subject 3. The interpolated time-dependent functions of the generalized coordinates
and their derivatives, i.e., the angles, angular velocities and angular accelerations, are
then substituted to the left-hand side of the Eq. (4.4) to obtain joint moments, i.e., 𝜏𝛽 and
𝜏𝛾 . The moments are therefore obtained as functions of time. Due to complexities in the
expressions, MAPLE codes are written to aid the derivation of the equations. The resulted time-dependent functions for the moments τβ and τγ are then re-substituted in the system equations of motion to find the time history of the generalized coordinates.
After determination of required matrices using MAPLE, equations are coded into a
MATLAB script. In the MATLAB codes, the whole body DXA image is an input and anthropometric parameters are calculated. The mass properties, connectivity, and initial
conditions are then specified for the dynamics model. The codes implement the equations
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of motion, solve them with initial conditions, and record the resulting kinematic and kinetic variables. The simulation is carried out in the following steps:
1. setting anthropometric parameters
2. setting initial conditions
3. determining joint positions, velocities, and subsequently accelerations by solving
a set of differential equations
4. decreasing time increment to achieve a higher accuracy
Two sets of initial conditions are used in this study; first, the initial conditions of the
dynamics model are matched with those of performed experiments to evaluate the accuracy of the model; second, initial conditions of sideways falls from standing height are
used to investigate hip fracture risk in 130 clinical cases. For the second part of this
study, the initial configuration of the system is set in accordance with configurations described in other experimental studies [21]. Angle 𝛼 is set at 9.78 degrees, angle 𝛽 is set at
4.13° , and the hip angle (𝛾) is set at 12.7 degrees. The initial angular velocities (𝛼̇ , 𝛽̇ , and
𝛾̇ ) are considered to be 46.9, 23.5, and 37.2 °⁄s, respectively.
The improved feature of the presented dynamics model to what was proposed by
Kroonenberg et al. [133] is the use of whole-body DXA image to estimate the segment
masses and moments of inertia for the 3D fall model. Also, the limitations of the adopted
dynamics model including the restriction for the length of shank and thigh and the location of mass centre of body segments are eliminated. In addition, the impact moment is
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defined subject-specifically based on the hip width of the patient and the body configuration before the impact.

4.3

Impact Model

The human body’s sideways fall is simulated by the proposed dynamics model in this
study. The dynamics model predicts the kinematics of the body segments from the initial
position to the impact moment, i.e., before the hip touches the ground. The interaction between the body and the ground is described by an impact model. The impact model is
used to predict the hip impact force based on 1) the vertical hip impact velocity, 2) the effective mass, and 3) the hip stiffness and damping properties during impact.
The impact force is applied once the ankle eversion angle exceeds 𝜀 (Figure 4.3),
which is defined base on the subject’s hip width and the kinematics of the body segments
during the fall. The impact force is applied to the hip, assuming that other parts of the leg
and body do not come into contact with the ground before the hip, as has been found to
be generally true in sideways falls in kinematic studies performed by Kroonenberg et al.
[21]. The configuration of the body segments at the time instant when the hip touches the
ground is used in constructing the impact model.
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Figure 4.3. Body configuration at the impact instant

In order to estimate the impact force applied to the greater trochanter in a sideways
fall, the body is modeled as a damped vibrational system (Figure 4.4) proposed by Robinovitch et a. [134]. In the vibrational system, the effective mass is moving in the vertical
direction with the velocity 𝑉 prior to the impact. Damping is considered in this model to
simulate the attenuation of the impact energy by the trochanteric soft tissues. To make the
impact model subject-specific, the required parameters are taken from the concerned subject. The effective mass is determined from the body kinematics prior to the impact as described in Section 4.2. Hip stiffness and damping properties during the impact are determined from experimental data, which is described in Section 4.3.2. The improved feature
of the implemented model is that the stiffness/damping properties are determined subjectspecifically.
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Figure 4.4. Impact model in simulating the interaction between the hip and the ground in a sideways fall

4.3.1

Effective Mass

The effective mass is that part of the body mass that moves in the vertical direction prior
to impact and affects the impact force [133, 209, 210]. As shown in Figure 4.3, once the
hip touches the ground at the impact instant, the body can be divided to two parts from
the hip, i.e., the upper trunk and the lower extremity. The effective mass is an equivalent
mass located at the hip joint and simulates the vertical movement of the body during the
impact. Hence, kinematic parameters of both the upper and the lower extremities are involved in determination of the effective mass. The derivation of effective mass equations
is given in Appendix B.

4.3.2

Hip Stiffness and Damping Properties during the Impact

Hip stiffness (𝐾) and damping coefficient (𝐶) during the impact are required to obtain the
impact force. In this study, two methods are used to determine the subject-specific 𝐾/𝐶 in
the impact model. In the first method, experimental data of controlled and protected fall
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tests, conducted by our research collaborators, are used to determine the system parameters. In the second method, experiment data from the literature are used to determine the
correlations between the hip soft tissue thickness and 𝐾 and 𝐶 in the impact model. The
first method is able to more properly simulate the response of hip soft tissues during the
impact, as the parameters are determined from the subjects’ testing data. However, it
needs conducting an experiment, which may introduce complexities to the model and is
obviously not practical for the elderly. The second method proposes a more convenient
and applicable way to determine the system parameters while the accuracy does not stay
in the same level, inevitably. The two methods are described in detail in the following.
In the first method, logarithmic decrement theory [211] is used to determine the stiffness/damping properties for each subject. It has been demonstrated that the body motion
during the impact can be described by an underdamped vibrational system [134, 209,
212]. The logarithmic decrement method identifies the system parameters based on the
rate at which the amplitude of a free-damped vibration decreases. The logarithmic decrement is defined using the vibrational amplitudes from any two successive periods
[211], as follows:
𝛿 = ln (𝑧

𝑧𝑖
𝑖+1

)=

2πξ
√1−ξ2

,

(4.8)

where 𝑧𝑖 and 𝑧𝑖+1 are any two successive amplitudes and 𝜉 is the damping ratio. The time
histories of the hip position and velocity, obtained from the experiment, are used to determine the damping ratio in Eq. (4.8). The frequency of the damped vibration (𝜔𝑑 ) can
be obtained as
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(4.9)

𝑑

The natural frequency of the system is then determined by
𝜔𝑛 =

𝜔𝑑
√1−ξ2

,

(4.10)

from which the stiffness of the system can be obtained as follows:
𝐾 = 𝑀𝜔𝑛 2 .

(4.11)

Damping coefficient can also be determined as
𝐶 = 2𝜉𝑀𝜔𝑛 .

(4.12)

In the above equations, 𝑧𝑖 , 𝑧𝑖+1 , and 𝜔𝑑 are determined from experiments and other parameters are subsequently calculated.
After determination of system parameters, the time history of the hip impact force can
be predicted by solving the damped free vibrational equation. As the tissue is compressed, the restoring force is calculated according to the following equation
𝐹 = 𝐾𝑧 + 𝐶𝑧̇ ,

(4.13)

where 𝑧 and 𝑧̇ are respectively the hip vertical position and velocity during the impact.
As the purpose of this study is to develop a simple, accurate, and generally applicable
model in clinics, and considering that performing protected fall tests is expensive, time
consuming, and not feasible for the elderly, an alternative experiment-free method is proposed to estimate the system parameters. In this method, experiment data of seven females and seven males are extracted from [134], where 𝐾 and 𝐶 of each subject were experimentally measured. Then, nonlinear least-square fits of power functions are used to
establish correlations between 𝐾/𝐶 in the impact model and body parameters including
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hip soft tissue thickness, body mass index, body height, and body weight as presented in
Tables 4.1 and 4.2.
Table 4.1. Correlations between 𝑲/𝑪 in the impact model and body parameters in male subjects

Table 4.2. Correlations between 𝑲/𝑪 in the impact model and body parameters in female subjects

In the above correlations, STT, BW, BH, BMI, 𝐾, and 𝐶 are respectively in 𝑚, 𝑘𝑔, 𝑚,
𝑘𝑔⁄𝑚2 , 𝑘𝑁⁄𝑚, and 𝑘𝑁. 𝑠⁄𝑚.
The strongest correlations were observed between 𝐾/𝐶 and the hip soft tissue thickness for both female and male subjects. The proposed functions provide the ability to determine subject-specific stiffness/damping properties of the impact model using the soft
tissue thickness obtained from the whole-body DXA image.
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Determination of the Internal Force

In a lateral fall, the greater trochanter is subjected to the impact force applied from the
ground. Meanwhile, the femoral head is subjected to the joint (internal) force applied
from the acetabulum. The impact force can be determined either experimentally or theoretically. However, the complex configuration of muscles, tendons, and ligaments that are
involved in fall process ensures that the configuration of internal forces is too complicated to be measured experimentally [213-215]. Therefore, the only practical way to obtain
the joint force is to use the dynamics principles. The impulse-momentum principle [216]
is used in this study to determine the force applied from the acetabulum to the femoral
head in a sideways fall. If the femur as a part of the lower extremity is isolated from the
acetabulum, the internal force is applied to the femur head as shown in Figure 4.5.
To determine the joint force, the impulse momentum principle can be written as
∫ 𝐹. 𝑑𝑡 = 𝐺2 − 𝐺1 ,

(4.14)

where 𝐺2 and 𝐺1 are respectively the linear momentums just before and after the impact
and ∫ 𝐹. 𝑑𝑡 is the linear impulse of all external forces which act on the femur including
the weight, the impact and the joint forces.
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Figure 4.5. The load application on the proximal femur in the impact stage of a sideways fall

Instead of integrating on the whole period of the impact duration, the equation can be
solved in a small time interval where the forces can be considered as constants, i.e.,
(𝐹𝑖𝑚𝑝𝑎𝑐𝑡 + 𝐹𝑗𝑜𝑖𝑛𝑡 − 𝐸𝑀𝑙𝑜𝑤𝑒𝑟 𝑒𝑥𝑡𝑟𝑒𝑚𝑖𝑡𝑦 . 𝑔). ∆𝑡 = 𝐸𝑀𝑙𝑜𝑤𝑒𝑟 𝑒𝑥𝑡𝑟𝑒𝑚𝑖𝑡𝑦 (𝑉2 − 𝑉1 ),

(4.15)

where 𝐸𝑀 is the effective mass of the body during the impact, 𝑉1 and 𝑉2 are vertical hip
velocities before and after each time interval (∆𝑡) within the impact duration. Time history of kinematic variables and the impact force are determined by the subject-specific impact model and therefore Eq. (4.15) can find the magnitude of the joint force in each time
interval. Figure 4.6 shows the procedure of determining the required parameters in Eq.
(4.15) to obtain the joint force. A shorter time interval results in higher accuracy in numerically solving an integral equation. Therefore, the time interval is considered to be
0.0001 second to reach adequate precision with a reasonable computational time.
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Figure 4.6. A sample of time history of the impact force and the hip vertical velocity during the impact. The
selected time interval starts moving from the beginning of the impact towards the end of the impact time
period to obtain the joint force time history.

Generally, the magnitude of the peak impact force determines whether a hip fracture
would occur or not [120, 217-220]. To simulate the critical condition in a sideways fall,
the maximum value of the impact force time history and its corresponding internal force
are applied to the FE model.

4.4

Controlled and Protected Fall Tests for Mod-

el Validation
The dynamics models described in Sections 4.2 and 4.3 are validated by controlled and
protected fall tests. To perform the experiments, it was asked from 150 people, mainly
including graduate students and staff members in the university community. Only three
graduate students were willing to participate in the fall tests. Therefore, three young male
volunteers with the age of 30, 27, and 24 years were recruited in this study under a hu-
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man body research ethics approval. The subjects were first scanned by a clinical DXA
scanner and their whole body DXA images were obtained. Subject-specific anthropometric parameters were then calculated from their DXA images. The volunteers then participated in protected and controlled fall tests. The layout of the fall testing system is illustrated in Figure 4.7. The system mainly consisted of an electromagnetic release switch,
nylon slings, a harness and six cameras that are connected to a computer-controlled motion capture system. The participants were asked not to use their arms to break the fall
when they were released to mimic a realistic fall from sideways. Each participant experienced falls from different heights, i.e., 5𝑐𝑚, 10𝑐𝑚, 15𝑐𝑚, 20𝑐𝑚, 30𝑐𝑚, and 40𝑐𝑚. The
fall height is the distance between the hip and the ground. In the falls from 5𝑐𝑚, the subjects were released on the ground. For the falls from higher distance from the ground, a
foam pad was placed under the hip to avoid bruising and other possible injuries. Reflective markers were put at main joints of the subject on both of the left and the right side..
After the subject was released, the motion time histories of the reflective markers were
automatically recorded by the motion capture system. A data sampling rate of 200 frames
per second was used in the tests. The camera placement ensured that the threedimensional coordinates of all markers were recorded throughout the fall event. The collected motion data contained the 𝑥, 𝑦, and 𝑧 coordinates of the reflective markers at different time instants during the fall process. The motion data was then used to calculate
the angles (the generalized coordinates), angular velocities and angular accelerations of
the links. First, the spatial coordinates of the left and the right markers were averaged to
obtain the motions of the body central line. The rectangular coordinates of the central line
at the head, the hip, the knee and the ankle were used to calculate the angles. Time deriv-
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atives of the angles were calculated using finite difference method [221]. In addition to
the reflective markers, a force plate was placed under the impact location to record the
time history of the impact force to the hip. The participants were asked to perform each
experiment more than once if it was convenient for them. The first participant performed
all the experiments once, however, the other participants performed most of the experiments twice. Results of the experiments are used in evaluating the dynamics model, determining the body stiffness/damping properties during the impact as described in Section 4.3.2, and calculating the joints moments in Section 4.2.

Figure 4.7. A controlled and protected fall test for validating the dynamics model in simulating a sideways
fall

Chapter 5
DXA-Based Proximal Femur Finite
Element Model

Finite element analysis is a powerful engineering tool to simulate the mechanical behavior of a complex structure. Prior to calculating stress/strain distributions, a set of preprocessing operations including generation of the finite element mesh, assignment of material properties, application of load/boundary conditions, and selection of failure criterion have to be performed. The recently developed DXA-based finite element model by
our research group [118] is adopted and further developed in this study. As a general introduction to the model construction, in-house MATLAB codes are developed to obtain
the contour of the proximal femur by extracting necessary information from the DXA
image. The obtained geometry is then meshed by a two-dimensional mesh generation algorithm and the material properties are assigned using the extracted data from the DXA
image. The loading and boundary conditions are applied to the constructed FE model for
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simulating a sideways fall. Finally, fracture risk indices are calculated at three critical
cross-sections, i.e., the femoral neck, the intertrochanter and the subtrochanter. The following sections will describe in detail how to assess hip fracture risk using the DXAbased finite element modeling.

5.1

Detection of Edge and Critical Cross-Sections

of the Proximal Femur
To construct a finite element model, geometric data and material property information is
required which are extracted from the femur DXA image. The edge detection procedure
includes femur isolation from surrounding soft tissues and the pelvis. Edge detection is
performed based on the mathematical feature of the DXA image which is expressed as a
matrix in MATLAB. In a DXA image after thresholding, the femur bone has positive
pixel intensities whereas the background has negative ones. If the signs of neighboring
pixels change from positive to negative, or vice versa, it represents the location of the
boundary of the femur bone. Hence, all the boundary pixels are identified in the above
way, which is shown as a red line in Figure 5.1 (b).
It is much more complicated to separate the femoral head in DXA image than in CT or
MRI image because the femoral head overlaps with pelvis bone resulting in the unclearness of the edge. As the femoral head can be in general approximated by a circle, it can
be fitted by three points. Instead of picking up three points manually to define the circle,
two corners are identified using the so-called corner detector [222]. The third point is the
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apex of the femoral head that has the minimum intensity along the femoral neck axis.
With the obtained femur contour, the narrowest femoral neck which has the minimum diameter can be located within a user-defined femoral neck region. Then, the femoral neck
axis, which is orthogonal to the narrowest femoral neck cross-section [223], is defined
and utilized to locate the apex. With the explained operations, the contour of the proximal
femur has been extracted and the coordinates of the contour points have been saved. The
femoral shaft axis is defined as the central line of the femoral shaft in the DXA image
[224], which can be obtained by a perpendicular line at the midpoint of a shaft crosssection. However, it should be pointed out that due to the improper positioning error, the
femoral shaft axis may be significantly different if only a single shaft cross-section is
used. Hence, six shaft cross-sections from the distal end of the proximal femur are selected and their midpoints are utilized to define the femoral shaft axis. Finally, the intertrochanter cross-section is defined as the bisector of the neck-shaft angle [110], as shown in
Figure 5.2.

(a)

(b)

Figure 5.1. (a) Original DXA image, (b) detected contour of the proximal femur
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The narrowest neck and the intertrochanter cross-section are identified using the above
procedure. The femoral shaft cross-section is located at 1.5 times narrowest femoral neck,
distal to intersection of the neck-shaft axes [110], as displayed in Figure 5.2.

Figure 5.2. Extracted contour of the proximal femur and the three critical cross-sections

5.2

Proximal Femur Finite Element Model

The segmented proximal femur from the DXA image is used to generate the FE model.
As DXA image is inherently two-dimensional, only a 2D finite element model can be
constructed. The validity of using a 2D DXA-based FE model to predict the strength of a
three-dimensional femur bone has been evaluated by Naylor et al. [120] and Buijs et al.
[119]. By experimental validation, they demonstrated that femur stiffness and strength
can be accurately calculated (𝑟 2 = 0.71) by a 2D FE model constructed from a DXA
scan.. Therefore, a DXA-based 2D FE model is generated in this study to analyze the
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proximal femur in a sideways fall. It is assumed that the 2D model has a uniform thickness and inhomogeneous material distribution.
A three-node triangular element is selected for the finite element simulation (Figure
5.3). Although the triangle element is a simple type of mesh, it is used in this study because of its ability in meshing erratic geometries. As we want to mesh the proximal femur
that has sharp edges and angles, a triangular element is the best tool to reach all corners.
In addition, triangular element mesh generation requires a shorter computational time that
increases its applicability in biomechanical FE modeling.

Figure 5.3. A three-node triangular element

Mesh size is a critical factor affecting the accuracy of the finite element analysis. The
more refined the mesh, the more accurate the results will be. However, by considering a
balance between the computational cost and the accuracy requirement, a suitable mesh
size is determined based on convergence tests. Figure 5.4 shows a sample femur finite element model generated from a DXA image.
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Figure 5.4. A proximal femur finite element mesh generated from a DXA image

In a 2D model, the motion of a material particle is described by two displacements in
the x- and the y-direction:
(𝑒)

𝑢

(𝑒)

𝑢𝑥
= { (𝑒) }.
𝑢𝑦

(5.1)

The displacements are approximately expressed by shape functions (𝑁 (𝑒) ) multiplied by
the element nodal displacements (𝑈 (𝑒) ) as
𝑇

𝑢(𝑒) = 𝑁 (𝑒) · 𝑈 (𝑒) .

(5.2)

For a linear triangle element, N(e) and U (e) are defined as
𝑇

𝑁 (𝑒) = [
𝑇

(𝑒)

𝑈 (𝑒) = {𝑢𝑥1

𝑁1
0
(𝑒)

𝑢𝑦1

0 𝑁2 0 𝑁3 0
],
𝑁1 0 𝑁2 0 𝑁3
(𝑒)

𝑢𝑥2

(𝑒)

𝑢𝑦2

(𝑒)

𝑢𝑥3

(5.3)
(𝑒)

𝑢𝑦3 }.

The shape functions are expressed by physical coordinates as follows:
(𝑥2 𝑦3 − 𝑥3 𝑦2 ) 𝑦2 − 𝑦3
𝑁1
1
[𝑁2 ] = 2𝐴 [(𝑥3 𝑦1 − 𝑥1 𝑦3 ) 𝑦3 − 𝑦1
𝑁3
(𝑥1 𝑦2 − 𝑥2 𝑦1 ) 𝑦1 − 𝑦2

𝑥3 − 𝑥2 1
𝑥1 − 𝑥3 ] {𝑥 },
𝑥2 − 𝑥1 𝑦

(5.4)
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𝑦1
𝑦2 |.
𝑦3

The general expression of the strain-displacement matrix (B-matrix) for a 3-node triangle
element is
0

𝜕𝑁1

𝜕𝑁2

0

𝜕𝑁3

𝜕𝑥

𝜕𝑁1

𝜕𝑥

𝜕𝑁2

𝜕𝑥

𝜕𝑁1

𝜕𝑦
𝜕𝑁1

𝜕𝑁2

𝜕𝑦
𝜕𝑁2

𝜕𝑁3

𝜕𝑦

𝜕𝑥

𝜕𝑦

𝜕𝑥

𝜕𝑦

𝐵=[ 0

0

0

0

𝜕𝑁3

𝜕𝑦 ],
𝜕𝑁3

(5.5)

𝜕𝑥

which is used to respectively determine the element strain vector and the element stiffness matrix as
{𝜀} = [𝐵]{𝑈 (𝑒) },
[𝐾

(𝑒)

]=

∫[𝐵]𝑇 [𝐷][𝐵]𝑑𝑉𝑒 ,

(5.6)

where [𝐷] is the material property matrix.

5.3

Assignment of Material Properties

Bone essentially has anisotropic and inhomogeneous material properties due to its complex microscopic architecture and composition. However, bone anisotropy information
has not been captured in DXA images. It has also been demonstrated that the assignment
of isotropic or anisotropic material properties only results in small differences in the final
stress/strain distributions [222]. Therefore, an isotropic inhomogeneous material model is
adopted to represent the proximal femur in this study.
For a triangle element, the material matrix D has the following expression,
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𝐸
𝜈 1
𝐷=
[
1 − 𝜈2
0 0

0
0
1 − 𝜈]
2
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(5.7)

where E and 𝜈 are respectively Young’s modulus and Poisson’s ratio. The Poisson’s ratio
is taken as a constant of 0.3 [7]. To assign the material properties, the proximal femur
thickness of the subject is first approximated from the width of the femoral neck. This
thickness is then used to convert areal BMD to volumetric BMD (vBMD = BMD/
thickness) [120, 225]. Material properties are then determined from vBMD (𝜌) using the
empirical equation of Morgan and colleagues [226]:
𝐸 = 6850𝜌1.49,

(5.8)

where 𝐸 is the Young’s modulus in MPa. A sample distribution of Young’s modulus is
shown in Figure 5.5.

Figure 5.5. A sample distribution of Young's modulus in a proximal femur

5.4

Load and Boundary Conditions

The applied boundary and loading conditions are intended to simulate the lateral fall. In a
sideways fall, the greater trochanter contacts the ground with an impact. Meanwhile, the
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femoral head is subjected to the joint force, i.e., the force applied from the pelvis (Figure
4.5). Two sets of load/constraint conditions are considered to perform the subject-specific
and non-subject-specific simulation of a sideways fall and compare the results. In the
subject-specific simulation, the impact and joint forces are respectively applied to the
greater trochanter and the femoral head. The femoral shaft is fully constrained to translation. In the non-subject-specific simulation, based on the mostly used examples in literature [22, 163, 165, 219], the femoral shaft is fully constrained, the impact force is applied
to the greater trochanter, and the femoral head is fixed in horizontal direction of the coronal plane. The forces are evenly distributed on the surface of the greater trochanter and
the femoral head as pressure loads. Figure 5.6 shows the load/constraint conditions in
subject-specific and non-subject-specific simulations.

Figure 5.6. Load/constraint conditions in simulating the lateral fall. (a) The subject-specific simulation: the
femoral shaft is fully constrained; the impact and the joint forces determined by the dynamics model are respectively applied to the greater trochanter and the femoral head. (b) The non-subject-specific simulation:
the impact force determined by empirical functions is applied to the greater trochanter; the femoral shaft is
fully constrained and the femoral head is constrained in the horizontal direction of the coronal plane [141].
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Hip Fracture Risk Index at the Three Criti-

cal Cross-sections
In order to be consistent with the clinical practices, i.e., using the average BMD over a
region of interest, and to enhance the short-term repeatability of the calculations, fracture
risk is obtained in critical ROIs of the proximal femur [136]. In Figure 5.7, the dashed
blue lines are the boundary of the ROIs which have been defined in Section 5.1.

Figure 5.7. Three critical regions of the proximal femur

After defining the ROIs, a failure criterion should be selected. One commonly used
criterion for determining material integrity in the domain of biomechanics is the von
Mises criterion [136-138, 155]. Based on the von Mises theory, even though none of the
principal stresses exceeds the yield stress of the material, yielding is still possible for the
combination of stresses [227]. This criterion defines whether the stress combination at a
given point will cause failure or not. For our model, the von Mises stress 𝜎𝑉𝑀 is defined
by the three stress components as [227]
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(5.9)

The yield stress (𝜎𝑌 ), obtained from the empirical equation of Morgan and colleagues
[228] is used to determine the bone failure. After calculating the actual and ultimate
stresses by the finite element analysis, the FRI over an ROI is obtained as [136]

𝜂𝑅𝑂𝐼 =

𝜎𝑉𝑀
𝜎𝑌 𝑑𝐴
∑𝑁
1 𝐴𝑖

∑𝑁
𝑖 ∫

(5.10)

where 𝐴𝑖 (𝑖 = 1,2, … , 𝑁) are the areas of the finite elements encompassed in the specific
ROI.

Chapter 6
Results and Discussion

All the results obtained in this study are reported in this chapter. Section 6.1 presents the
results of estimating body anthropometric parameters from DXA images. Results of the
dynamics model in predicting the position, velocity, and acceleration of the hip during a
sideways fall are compared with the experimental data of the three participants in Section
6.2. Section 6.3 reports the results of the proposed model in determining the FRIs of 80
women and 50 men and investigates the effect of body habitus on hip fracture risk.

6.1

Estimation of Body Segment Anthropometric

and Dynamics Parameters
Three volunteers participated in fall experiments to obtain the kinematics of body segments during a sideways fall and to measure the applied force to the hip during the impact. Their anthropometric parameters are determined using the proposed method in Section 4.1 as listed in Table 6.1.
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Table 6.1. Subject anthropometric parameters identified from the whole body DXA images

One of the advantages of the proposed model in determining the anthropometric parameters is that it is applicable for all formats of clinical DXA images (e.g., MAT and
JPG). A change in the range of attenuated coefficients, which is DXA machine dependent, does not affect the accuracy of the proposed method in estimating the body segments
properties. The reason is that the mass constant is determined from the subject’s whole
body DXA image and therefore, all the factors affecting the attenuated energy in the imaging process are implicitly considered in calculations.

6.2

Validation of the Dynamics Model

First, the dynamics model is used to predict the body segments kinematics before the impact. The impact model is subsequently used to predict the impact force to the hip. Results of the dynamics and the impact model are then compared with findings of experiments to evaluate the accuracy of the proposed models in simulating a sideways fall.
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As the motion of the hip has a direct effect on the impact force, the kinematics at the
hip is used as a baseline for the validation. A sample of predicted and the experimentally
measured time histories of the hip vertical position, velocity, acceleration, and the impact
force of the three volunteers are displayed in Figures 6.1-6.3.

Figure 6.1. Subject #1. (a) Hip vertical position; (b) hip vertical velocity; (c) hip vertical acceleration; (d)
impact force to the hip in the fall from 5cm without protective pad
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Figure 6.2. Subject #2. (a) Hip vertical position; (b) hip vertical velocity; (c) hip vertical acceleration; (d)
impact force to the hip in the fall from 5cm without protective pad

Figure 6.3. Subject #3. (a) Hip vertical position; (b) hip vertical velocity; (c) hip vertical acceleration; (d)
impact force to the hip in the fall from 30cm with protective pad
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The maximum impact force to the hip, induced in a sideways fall, is a critical factor to
predict the hip fracture risk [20, 133, 134, 229]. The impact velocity is also an effective
parameter which represents the severity of the fall and can widely affect the magnitude of
the impact force. For the validation purposes, the predicted maximum hip vertical velocity and peak impact force for each volunteer are compared to the corresponding experimental results as shown in Table 6.2.
Table 6.2. Comparison between the dynamics model and experimental results in determining the maximum
hip vertical velocity and peak impact force in sideways falls from different heights for 3 subjects. G stands
for the fall on the ground and F stands for the fall on the protective pad. The number after G/F denotes the
fall height in 𝒄𝒎. The information of some of the trials is not available due to technical problems.
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Then, results of our model are compared with findings of a currently available model
in the literature [133] to investigate the effect of considering subject-specific anthropometric and dynamics parameters on simulating sideways falls. The available model in the
literature predicted the maximum impact velocity and force in a sideways fall for 5th percentile (short and light) and 95th percentile (tall and heavy) females. Table 6.3 compares
the accuracy of our subject-specific and the available non-subject-specific model in predicting the maximum hip vertical velocity and peak impact force.
Table 6.3. Comparison between the proposed subject-specific and the existing non-subject-specific model
in predicting the hip vertical velocity and the peak impact force

Compared with the non-subject-specific dynamics model , the prediction accuracy has
been greatly improved by our subject-specific model. Table 6.3 shows that the relative errors in the predicted hip vertical velocity and peak impact force have been reduced in average from 40.1% and 35.4% to 6.1% and 8.9%, respectively. The improvements have
been achieved mainly due to the use of subject-specific anthropometric parameters in
predicting the kinematic and kinetic variables in a sideways fall. Also, considering the
subject-specific stiffness/damping properties of the impact model has improved the accuracy of results. In addition, removing the limitations of the adopted dynamics model, including the restrictions for the length of the shank and the thigh and the location of mass
center of body segments, has effect on the improvement of the model accuracy. Furthermore, considering the subject-specific impact moment based on the hip width of the pa-
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tient and the body configuration before the impact may have effect on reducing the overestimated impact velocity and subsequently the overestimated impact force.
By examining the governing equations of motion and the energy expressions in Chapter 4, it can be understood that there are basically three groups of variables involved in
the dynamics of a sideways fall. The first group consists of kinematic variables such as
the link rotation angles and angular velocities in a sideways fall, which are determined by
solving the governing equations of motions of the dynamics model. The second group is
the system parameters such as the effective mass, stiffness, and damping coefficients in
the impact model. The third group includes anthropometric parameters such as the segments length, mass, mass center and mass moment of inertia. These segmental anthropometric parameters are not only affected by the subject’s overall physiological attributes
such as body weight and body height, but also by the distribution of the body mass. Two
subjects having the same weight and height but different shapes, for example, longer
trunk vs. longer lower extremity, pear-shaped vs. upside-down pear-shaped, may have
different segmental anthropometric parameters. The differences affect the body segments
kinematics in a fall, e.g., the hip velocity, via the governing equations, and thus also affect the impact force. From the impact model shown in Figure 4.4 and the expression in
Eq. (4.11-4.13), the impact force is explicitly related to the hip vertical velocity and the
effective mass. The effective mass is in turn related to other kinematic variables and anthropometric parameters via the expressions in Appendix B. Therefore, a person would
suffer different impact forces in different falls, if the body configurations before the impact are different. It justifies the need for a subject-specific model to predict the fall-
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induced impact force to the hip. In this study, the impact force is determined by considering both anthropometric parameters and kinematic variables of the body segments just
before the impact.

6.3

Results of the Proposed Biomechanical Mod-

el in Predicting FRIs
The introduced DXA-based finite element model is linked to the dynamics and the impact model to investigate the hip fracture risk in 130 clinical cases. First, the optimized
mesh size of the FE model is determined conducting convergence tests. Second, FRIs in
critical ROIs are calculated under subject-specific and non-subject-specific loading conditions. Third, the effect of subject-specific loading condition on hip fracture risk assessment is investigated and results are compared with clinical observations.

6.3.1

Convergence test

Although finer meshes come with accuracy, however, more calculation time and large
memory are needed. It is desired to find the minimum number of elements that gives a
converged solution. Convergence tests are thus conducted to find out a mesh size that can
meet both the accuracy and the computational cost requirement. To perform the convergence tests, the simulation begins with a mesh discretization and the result is recorded.
Then, the simulation is repeated with a finer mesh, i.e., more elements, and results are
compared with findings of the previous test. If the results are nearly similar, then the first

Results and Discussion

80

mesh is good enough to solve our problem with the specific geometry, loading, and constraints. If the results differ by a large amount however, a finer mesh is tried. For the
three critical cross-sections described in Section 5.1 and the whole proximal femur, the
variations of calculated FRIs versus the number of nodes in the FE hip model are plotted
in Figure 6.4.

Figure 6.4. Variations of FRIs with the number of nodes at the femoral neck, intertrochanter, subtrochanter
and the whole-proximal femur

6.3.2

Comparison between the Dynamics Model and Existing

Empirical Functions in Predicting the Impact Force
Hip fracture depends on various anthropometric parameters such as body height, body
weight, body segments mass center, and trochanteric soft tissue thickness. Therefore, patients with different body habitus are exposed to a wide range of hip fracture risk. To
show the effectiveness of our model, we retrieved 130 subjects including 80 females with
the mean age of 53.7 ± 19.9 (20.1 − 87.8) years and 50 males with the mean age of
39.8 ± 22.1 (16.0 − 86.0) years. Both whole-body and hip DXA image of all 130 sub-
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jects were available and none of the individuals had experienced a hip fracture. The subjects are of varying body habitus, in terms of body weight and body height, to investigate
the effect of body parameters on impact force and hip fracture risk. To be consistent with
the studies reported in the literature, the 80 female and 50 male subjects are separately
categorized into four groups of BMI, i.e., underweight (BMI < 18.5), normal (18.5 <
BMI < 25), overweight (25 < BMI < 30) and obese (BMI > 30), according to the WHO
criteria [230]. Body parameters of the female and male subjects are respectively listed in
Tables 6.4 and 6.5.
Table 6.4. Mean (SD) body parameters of female subjects across BMI groups

Table 6.5. Mean (SD) body parameters of male subjects across BMI groups

Although this study proposes the first subject-specific model to predict the fallinduced impact and joint forces, there are also empirical functions in the literature to predict the impact force in a sideways fall. As body anthropometric parameters, effect of hip
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soft tissues in absorbing the impact energy, and kinematic/kinetic variables in fall are not
considered in the empirical functions, they are called non-subject-specific methods. To
compare our model with currently available methods, the most common non-subjectspecific methods in the literature are used to predict the impact force for the clinical cases
as follows:
1) The equation proposed by Kroonenberg et al. [133] as
𝐹𝑝𝑒𝑎𝑘 = 9.81 × 𝐸𝑀 × (𝑛 sin 𝜔 − cos 𝜔 + 1),

where 𝑛 = 𝑉

√(

(6.1)

71000
)
𝐸𝑀

9.81

, 𝑉 = 2.72√ℎ, and 𝜔 = 𝜋 − 𝑡𝑎𝑛−1 𝑛. 𝐸𝑀 is the effective mass

which is 0.35 of body weight, 𝑉 is the impact velocity, and ℎ is the body height.
2) The empirical equation proposed by Robinovitch et al. [134] and extrapolated by Yoshikawa et al [132] as
𝐹𝑝𝑒𝑎𝑘 = 8.25 × 𝑊 × √(

ℎ
),
170

(6.2)

ℎ (𝑏𝑜𝑑𝑦 ℎ𝑒𝑖𝑔ℎ𝑡)𝑖𝑛 𝑐𝑚 𝑎𝑛𝑑 𝑊(𝑏𝑜𝑑𝑦 𝑤𝑒𝑖𝑔ℎ𝑡) 𝑖𝑛 𝑁𝑒𝑤𝑡𝑜𝑛.
It should be pointed out that these empirical functions are being adopted to predict the
fracture risk for our study population in a way that was not intended by the original authors. Results of the above mentioned methods are respectively called non-subjectspecific 1 (Kroonenberg) and 2 (Yoshikawa).
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Figure 6.5 shows the comparison between predicted impact force by our model and
non-subject-specific methods for each BMI group of men and women.

Figure 6.5. Mean value of predicted impact force for underweight, normal, overweight and obese subjects
by the subject-specific and the non-subject-specific methods for (a) female and (b) male subjects

As shown in Figure 6.5, predicted impact forces by the subject-specific model and the
non-subject-specific methods are in a similar range for underweight subjects in both genders. For high BMI subjects, however, a big difference is observed.
In the second empirical equations, the only considered parameters are total body
weight and height while all other segmental anthropometric parameters, such as segments
length, masse, mass center and mass moment of inertia are taken into account in the sub-
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ject-specific dynamics model. Also, in our subject-specific model, the effect of STT is
considered in determining the stiffness and the damping properties of the impact model;
while the non-subject-specific methods neglect the effect of STT in attenuating the impact energy. Robinovitch and colleagues [229] proposed another approach to take the effect of STT into account in calculating the impact force. They suggested that for each
1 mm increase in tissue thickness, the peak force decreases by approximately 71 N.
However, this estimation is valid only for subjects with 8-45 𝑚𝑚 trochanteric soft tissue
thickness and is not recommended for outside 8-45 𝑚𝑚 measurement range. There were
several subjects among our study population with STT greater than 45 𝑚𝑚 and therefore,
the effect of STT should be considered in calculating the stiffness/damping properties of
the impact model. However, subject-specific segmental anthropometric parameters and
energy absorbing capacity of the hip soft tissues are not considered in the empirical functions. In obese subjects, shapes of body segments and soft tissue thickness are considerably different from normal subjects which significantly affect the predicted loading conditions. That is a possible reason why results of the subject-specific dynamics model and
the non-subject-specific empirical functions are substantially different for high BMI subjects. It should be pointed out that among non-subject-specific methods, the results of
Kroonenberg’s method are generally closer to the findings of the subject-specific model.
Correlation coefficients between the impact force and individual factors including
body weight, body height, BMI, STT, and effective mass are listed in Table 6.6. Positive
correlations between body weight, body height, and the impact force in both subjectspecific and non-subject-specific models demonstrate the direct effect of these factors on
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the applied force to the hip in a lateral fall. Greater body weight increases the available
potential energy during the fall which is converted to the kinetic energy during the impact
and increases the impact severity. Heavier body weight may also increase the effective
mass during the impact which considerably affects the applied force to the femur. Body
height has also a direct effect on the impact velocity [133] and therefore taller subjects
are more likely to experience a severer impact in a fall.
The correlation between the impact force and STT is positive in both non-subjectspecific methods while it is negative in our subject-specific model. The reason is that
STT does not interfere the calculations in the non-subject-specific empirical equations.
Our results are in agreement with findings of previously reported researches. Majmder et
al. [175] reported that the decrease in soft tissue thickness has a direct effect on increased
impact force. Robinovitch et al. [229] also demonstrated that STT has a remarkable effect
on absorbing the impact energy. In addition, Etheridge et al. [220] showed that trochanteric STT significantly influences the absorbed energy and load distribution during a
sideways fall.
Table 6.6. Correlation coefficient r (p value) between the impact force and individual factors in women and
men
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Results of non-subject-specific methods show that the fall-induced impact force is
proportional to the BMI which indicates that higher BMI subjects experience much greater impact force in a sideways fall. However, such a strong association between the BMI
and the subject-specific impact force is not observed, although this association is still
positive (r = 0.15, p > 0.05 in women, r = 0.25, p > 0.05 in men). Increases in BMI
are typically associated with increased total body and effective mass, which results in elevated impact loads [231]. However, body mass index is positively associated with thickness of the soft tissue overlying the greater trochanter which increases the impact energy
absorption [232]. Relatively high STT in high BMI subjects may underlie the positive but
weak association between the BMI and the subject-specific impact force.
Table 6.6 shows that the body weight is the most dominant factor in determining the
impact force in the empirical functions for both men and women; while a complex combination of factors affects the results of our model. Correlations between the body parameters and the impact force predicted by the two empirical functions are quite similar for
both genders. However, differences are observed between the results of our model for
men and women. In male subjects, the correlation between body weight and impact force
is stronger than that in female subjects. Potential reasons are two-fold. First, there is a
stronger association between body weight and STT in women (r = 0.77) than in men
(r = 0.58). It demonstrates that women with higher BW have thick hip soft tissues which
absorb a great amount of energy during the impact and compensate the effect of BW on
increased impact force; while heavy men do not have such trochanteric soft tissue thickness. Therefore, the thickness of trochanteric soft tissues in heavy men is not sufficient to
overcome the effect of BW on increased impact force. A similar scenario exists for BH.
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The second probable reason is differences in correlations between hip stiffness/damping
properties and STT in men and women. Men with higher BW and BH not only have thinner trochanteric soft tissues than women, their hip soft tissues are stiffer. In the other
words, if a man and a woman with the same trochanteric soft tissue thickness and the
same effective mass experience a sideways fall with the same impact velocity, the applied
impact force to the woman’s femur is lower than that in the male subject [231]. Therefore, the absorbed energy by hip soft tissues in heavy and tall men is not as much as that
in women and thus BW and BH in men have a stronger effect on the impact force.
Figure 6.6 compares the impact force predicted by our subject-specific model for male
and female subjects in each BMI category. The average value of the predicted impact
force by our subjects-specific model is higher for men (4332.8±522.6 N) compared to
that of women (3200.6±517.3 N). It may be attributed to the thicker hip soft tissues of
women (54.3±23.3 mm) compared to that of men (49.8±23.1 mm) and also greater body
height and body weight of male subjects than those of female subjects (body height:
169.6 ± 9.9 cm vs. 157.7 ± 10.1 cm; body weight: 70.17 ± 14.9 kg vs. 67.7 ±
20.6 kg).
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Figure 6.6. Mean value of the sideways fall-induced peak impact force for male and female subjects across
BMI groups

6.3.3

Effect of Subject-Specific Loading on Assessing Hip Frac-

ture Risk
To investigate the effect of loading conditions on hip fracture risk assessment, the determined impact forces by the subject-specific dynamics model and the empirical functions
are applied to the presented DXA-based proximal femur FE model. As it is mentioned in
Section 5.4, two load/constraint conditions are considered to simulate the lateral fall. In
the subject-specific simulation, the impact and joint forces are respectively applied to the
greater trochanter and the femoral head. In the non-subject-specific simulation, the impact force is applied to the greater trochanter and the femoral head is fixed in horizontal
direction of the coronal plane. The distal end of the proximal femur is completely fixed in
both simulations. FRIs in critical locations of the proximal femur are obtained for the 80
women and the 50 men under the both load/constraint conditions. Figure 6.7 shows the
mean value of the FRIs in all critical ROIs using the subject-specific and non-subjectspecific methods.

Results and Discussion

89

Figure 6.7. Mean value of predicted FRIs in critical ROIs and the whole proximal femur under subjectspecific and non-subject-specific loading conditions for (a) 80 women and (b) 50 men

As shown in Figure 6.7, femoral neck FRI is greater than fracture risk at other locations. It demonstrates that the femoral neck is the most critical region of the proximal femur. To investigate the effect of loading conditions on hip fracture risk, FRIs at critical
ROIs for all BMI groups of women and men are calculated and the results are shown in
Figures 6.8 and 6.9.
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Figure 6.8. Mean value of FRIs at (a) the femoral neck, (b) the intertrochanter, (c) the subtrochanter, and
(d) the whole proximal femur for the four BMI groups of female subjects, predicted by the subject-specific
and non-subject-specific (1 and 2) methods [141]

The predicted FRIs in all critical ROIs by the subject-specific model and the nonsubject-specific methods are in a similar range for underweight women. For higher BMI
women, however, a big difference is observed. Figure 6.8 shows that FRIs calculated by
the non-subject-specific methods have an increasing trend in all ROIs for female subjects
while BMI is increasing. Conversely, this trend is decreasing for results of subjectspecific FRIs. In non-subject-specific methods, the highest FRI is predicted for obese
women. In contrast, our subject-specific model suggests that low BMI women are in the
highest risk of hip fracture.
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Figure 6.9. Mean value of FRIs at (a) the femoral neck, (b) the intertrochanter, (c) the subtrochanter, and
(d) the whole proximal femur for the four BMI groups of male subjects, predicted by the subject-specific
and non-subject-specific (1 and 2) methods

Similar to the results of female subjects, non-subject-specific methods suggest that
men with higher BMI are more likely to experience hip fracture; while our subjectspecific model predicts the highest FRI for underweight men. From Figures 6.5, 6.8, and
6.9, it is observed that the trends in predicted impact forces by different methods are quite
similar to those of hip fracture risk. For example, similar to the predicted impact forces,
the higher FRI is estimated for higher BMI subjects using non-subject-specific methods.
It demonstrates the significant effect of the impact force on hip fracture risk assessment.
Figure 6.10 shows the trend of FRI at the femoral neck, as the most critical ROI, with
respect to the BMI for the three implemented methods. Generally, in both genders, FRIs
calculated by non-subjects-specific methods have a positive association with BMI. This
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association is strongly negative for women in the results of our model. Our findings that
reduced BMI in women increases the risk for hip fracture are in a very good agreement
with clinical observations. As a result of meta-analyses, Johansson et al. [233] and Laet et
al. [234] observed that low BMI is associated with a greater hip fracture risk in women.
The reason is that the trochanteric soft tissues influence the hip fracture risk by reducing
the applied impact force to the femur [20, 229]. Bhan and colleagues also performed lateral pelvis release experiments on twenty participants and observed that energy absorption is a common mechanism underlying the reduced risk of hip fracture for persons with
high BMI [232]. Furthermore, Bouxsein et al. [235] found that women with high BMI are
less likely to experience hip fracture as they have thicker hip soft tissues through a strong
association between trochanteric soft tissue thickness and BMI (𝑟 = 0.72, 𝑝 < 0.001
among our female subjects). Also, results of our model show that obese and overweight
men have lower fracture risk than underweights, however, the association between BMI
and FRI in men (𝑝 > 0.05) is not as strong as it is in women (𝑝 < 0.001). Our result is
consistent with findings of prospective studies [236, 237] that the association between
BMI and FRI is not significant among men. It is due to the thinner trochanteric soft tissues in high BMI men compared to that in women. As a result, in contrast to women,
BMI cannot be considered as a protective factor against hip fracture in men. Nevertheless, low BMI males are still in the highest risk of hip fracture. This study presents the
first subject-specific biomechanical model to assess the fall-related hip fracture risk. Previous fracture risk indicators have only used the femur-related parameters for hip fracture
risk assessment and the loading condition has been roughly estimated. However, all involved parameters in simulating the sideways fall, calculating the impact/joint force, and
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determining the stress distribution in the proximal femur are subject-specifically taken into account in the proposed model.

Figure 6.10. Variation of FRI at femoral neck with BMI in subject-specific model and non-subject-specific
methods for (a) women and (b) men

6.3.4

Comparison between the effects of body parameters on

hip fracture risk in men and women
Correlation coefficients between the subject-specific hip fracture risk and individual factors including body weight, body height, STT, BMD, and impact force are listed in Table
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6.7 for women and men. As shown in Table 6.7, the hip fracture risk is influenced by a
number of parameters and it cannot be accurately assessed by single factor predictors,
such as aBMD, as they only partially surrogate effective parameters on hip fracture risk.
Table 6.7. Association, r (p value), between FRIs and individual factors in women and men

In both genders, BMD has the strongest negative correlation with FRIs. Similarly,
Dufour et al. [238] observed in a study on 5,209 men and women that femoral strength
seems to be the strongest determinant of hip fracture in both genders. However, our results showed that this correlation is stronger in men (r = −0.83, p < 0.001) compared to
that in women (r = −0.68, p < 0.001). It may indicate that BMD plays a more protective role against hip fracture in men than in women. Our findings are in a very good consistency with clinical statistics. As a result of a prospective study on 5,384 men and 7,871
women during 4.4 years follow-up, Cummings et al. [81] observed that hip BMD is very
strongly associated with hip fracture in men (3.2-fold increased risk per sex-specific SD
decrease in BMD; 95% CI, 2.4–4.1), stronger than that in women. Therefore, they suggested that hip BMD is an excellent test for predicting the fracture risk in men. It is also
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suggested by Keyak et al. [239] that femoral strength is a more powerful discriminatory
tool for assessing hip fracture risk in men than in women. In addition, results of a prospective multicenter study of 3,549 men [240] shows that femoral strength is highly predictive of incident hip fractures in men. The difference in the association between bone
quality and hip fracture risk in men and women is the reason why many researchers suggested using a gender-specific T-score, rather than female-normalized, for discriminating
hip fracture [241-243]. Our results also demonstrate that the bone quality is the most
dominant parameter against hip fracture in men and it can be used as a proper predictor of
hip fracture. Although not as strong as in men, BMD among all body parameters nevertheless has the strongest negative correlation with hip fracture risk in women. However,
BMD-based determination of hip fracture risk for females is not accurate without considering the effect of other parameters, especially STT and impact force.
In female subjects, strong negative correlations are observed between STT and FRIs in
all critical locations of the proximal femur. After BMD, STT plays the most important
protective role against the hip fracture in women. It has been demonstrated in experimental side impacts [220] and statistical studies [235] that thicker trochanteric soft tissues
can significantly reduce the risk of femur fracture in women as hip soft tissues remarkably absorb the impact energy. However, significant associations are not observed between STT and FRIs in most ROIs among male subjects. Our findings indicate that trochanteric soft tissue thickness does not have a notable effect on protecting against hip
fracture in men. Completely consistent to our results, Nielson et al. [237] found in a follow-up study on 5,995 men that although increased tissue thickness reduces the fall force,
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tissue thickness is not significantly associated with the risk of hip fracture. Dufour and
colleagues also found in a large, longitudinal population-based study [238] that decreased
soft tissue thickness is associated with increased hip fracture risk in women, but there is
no association in men. Reasons for this phenomenon are three-fold. First, in contrast to
women, the thickness of trochanteric soft tissue in men may not be great enough [237] to
effectively reduce the forces applied to the hip during a fall. Second, the relative proportion of fat and lean tissue over the trochanter differs in men and women [237] and as a result the attenuation of force is affected. Third, among our study population, the correlation between STT and BMD is positively stronger in women (r = 0.58, p < 0.001) than
that in men (r = −0.37, p < 0.01). It indicates that women with higher STT have stronger bones while this trend is not observed in men. Therefore, trochanteric soft tissue thickness can be considered as a significant factor in reducing the risk of hip fracture in women, but not in men.

6.4

Clinical Validation

Clinical validation of a model requires a study population with hip fracture patients and
non-fracture controls. Then, the model has to be used to discriminate the hip fracture patients and the comparison should be performed between the model accuracy and the gold
standard. As the whole-body DXA is usually not scanned in clinics, we could not access
to a study population with hip fracture patients who have whole-body DXA images.
Therefore, the predicted impact forces for 130 subjects are used to derive a correlation
between the impact force and body parameters. As the effect of body parameters on the
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impact force can be different in men and women, the functions are derived genderspecifically. Half of the subjects are randomly selected to interpolate the function and
half others are used to test the interpolated function in predicting the impact force. In the
interpolated functions, the body parameters that can be determined without the necessity
for the whole-body DXA image are considered. Eq. (6.3) and (6.4) describe the correlation between the impact force, BW, BH, and STT for women and men, respectively;
𝐵𝐻 0.261 × 𝐵𝑊 0.769
𝑆𝑇𝑇 0.504

(6.3)

𝐵𝐻 0.349 × 𝐵𝑊 0.628
𝐹 = 0.517 ×
𝑆𝑇𝑇 0.192

(6.4)

𝐹 = 0.811 ×

where 𝐵𝐻, 𝐵𝑊, 𝑆𝑇𝑇, and 𝐹 are respectively in 𝑚, 𝑘𝑔, 𝑚𝑚, and 𝑘𝑁. Figure 6.11 shows
the accuracy of the derived functions in predicting the impact force for the test subjects.

Figure 6.11. Accuracy of the derived functions in predicting the impact force for test study population of
(a) women and (b) men

As the r-square is reasonably well for both women and men, the proposed functions can
be used to predict the impact force without the necessity of the whole-body DXA image.
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Then, 294 women (mean age= 75.4 ± 6.9 years) are extracted from the Manitoba
Bone Mineral Density Database, including 99 hip fractures and 195 matched controls
with similar age, weight, height, and STT. The proposed function for women is used to
predict the impact force and then the hip DXA image is used to construct the proximal
femur finite element model and determine the fracture risk. The validation is conducted
in a blind way, i.e., the fracture risk is calculated without any cognition of the hip fracture
patients. Gold standard is also used to assess the hip fracture risk for 295 clinical cases. In
addition, the most frequently used empirical function for predicting the impact force in
the literature, i.e., Yoshikawa’s formula (Eq. 6.2), is used to predict the impact force and
the FE model is then used to calculate the fracture risk. Table 6.8 shows the accuracy of
different methods in discriminating the hip fracture patients.
Table 6.8. AUC and odds ratio in discriminating the hip fracture patients for different methods

As shown in Table 6.9, the AUC (area under the ROC curve) has been improved from
0.710 to 0.718 using the available empirical function in the literature to predict the impact force and the FE model to calculate the FRI. Using the finite element model of the
proximal femur can definitely have effect on the improved accuracy of determining the
FRI as the bone geometry is considered in modeling, in addition to the bone quality.
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However, the AUC for the proposed model in this study (0.772) is significantly greater
than the gold standard. Also, the odds ratio of the two-level subject-specific model is
greater than other methods (3.95 vs. 2.85 and 2.56) that shows the proposed model in
this study is a more powerful discriminatory tool for assessing hip fracture risk. It
demonstrates the advantages of the proposed two-level subject-specific model in assessing the risk of hip fracture compared to the available conventional methods.

6.5

Effect of Boundary Conditions on Fall-

Induced Fracture Risk of the Proximal Femur
As shown in Section 5.4, two boundary conditions are implemented to simulate the sideways fall to the femur. In one simulation, the femoral head is subjected to the joint force
and in the other simulation, the femoral head is fixed. Differences in boundary conditions
lead to changes in fracture risk assessment. To investigate the explicit effect of the joint
force on the predicted FRIs, two simulations are repeated for each subject with the same
impact force. First, the femoral head is subjected to the joint force, and then, the femoral
head is fixed in the horizontal direction of the coronal plane. Figure 6.12 shows how
boundary conditions affect the FRIs in different critical ROIs.
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Figure 6.12. Effect of boundary conditions on the calculated FRIs in critical ROIs of the proximal femur in
(a) women and (b) men

As shown in Figure 6.12, FRIs at the femoral neck, the intertrochanter, and the whole
proximal femur are relatively higher while the femoral head is fixed. However, the subtrochanteric FRI is greater when the joint force is applied to the femoral head. In subjectspecific boundary conditions, the impact force overcomes the joint force as its magnitude
is generally higher, and thus it tends to bend the proximal femur about the constrained
section at the distal end. Therefore, much stress is concentrated around the femoral shaft.
In non-subject-specific boundary conditions, as the femoral head is fixed, the impact
force tends to compress the upper level of the proximal femur and thus higher stress con-
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centration appears around the femoral neck and the intertrochanter. That is the reason
why femoral neck FRI and intertrochanteric FRI are higher in non-subject-specific
boundary conditions. However, both boundary conditions predict that the femoral neck
and the subtrochanter are respectively the most and the least critical locations of the proximal femur. Comparing Figure 6.12 with Figures 6.9 and 6.8, it can be concluded that the
effect of impact force on hip fracture risk assessment is much higher than the effect of
joint force. Figures 6.8 and 6.9 show that changes in the impact force (subject-specific
versus non-subject-specific) may lead to a remarkable change in the predicted FRIs. Figure 6.12 also shows that considering the joint force affects the resulted FRIs; however, its
effect is not as strong as the effect of the impact force.

6.6

Limitations of the Study

Although the advantages of the proposed model can be regarded as a strength of this
study, it includes a number of assumptions and simplifications and therefore can also be
considered as limitations.
- The dynamics model is developed based on a number of assumptions. For example, it is
assumed that other parts of the leg and body do not come into contact with the ground before the hip. Although this assumption is proven to be generally true in sideways falls in
kinematic studies performed by Kroonenberg et al. [21], it is possible that a subject initiates the impact with other parts of the body. Obviously, if the arm or hand impacts the
ground before the hip, a portion of the available potential energy is attenuated and a
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smaller impact force is applied to the hip and thus the hip fracture risk is decreased.
However, there is no guarantee that the subject (especially elderly) impacts the ground
with hands or other parts of the body. Therefore, the proposed biomechanical model has
to predict the worst-case scenario, which is impacting with hip, and so that it can be used
in production of subject-specific hip protective systems. The other assumption in developing the dynamics model is that no slippage is considered between the feet and the
ground during the fall. An anchored fall causes a greater vertical impact velocity, and
subsequently a greater impact force, compared to a slipping fall since a part of available
potential energy is lost due to friction in slipping. Again, the anchored fall is the worstcase scenario and should be considered in development of the biomechanical modeling.
- A single degree of freedom vibrational system based on the body configuration at the
impact instant is developed to simulate the impact in a lateral fall. Therefore, the linear
impulse-momentum is used to determine the joint force time-history. But human body
has a complex configuration during the impact and it may change after the impact instant.
However, the time from the impact instant to the peak force is very short (20-50 msec)
[210, 229] and the body configuration cannot be changed largely in this time period, especially for the elderly. Therefore, it can be assumed that the effective mass properly represents the vertical movement of the human body in this short period of time.
- The stiffness and damping of the body during impact to the hip depends not only on the
thickness of the trochanteric soft tissues, but also on the fat/muscle mass on the hip region and the age of the individual. However, in this study, trochanteric soft tissue thickness was used to determine the stiffness/damping properties of the body during impact to
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the hip due to the lack of information about the effect of other parameters on 𝐾/𝐶 in the
impact model.
- In determining the subject-specific stiffness/damping properties of the impact model,
the association between 𝐶 and STT is not as strong as that between 𝐾 and STT. Similarly,
Robinovitch et al. [244] demonstrated that impact dynamics during sideways falls are
more dependent on elastic than viscous properties and that is the reason why Kroonenberg et al. [133] and Laing et al. [210] proposed a mass spring model without damper as
an impact model. However, damping is considered in this study using the proposed correlation between 𝐶 and STT as this is the strongest correlation between 𝐶 and any of other
body parameters such as body height, body weight, and BMI. Our results are also in a
good consistency with the findings of Majumder et al. [20] who identified that trochanteric soft tissue thickness is likely to be the most dominant criteria for attenuating the applied force to the femur in a fall.
- The proposed model only predicts the hip fracture risk in the event that the fall occurs,
i.e., it does not take the individual’s fall risk into account. The fall risk may play an important role in hip fracture risk. Therefore, if the model is used to assess the hip fracture
risk for an individual who usually experiences falls, results should be considered more seriously.
- The proposed model does not consider the pre-impact movement strategies for determining the impact force. Breaking the fall using arms [34], stepping and impacting with
knees [245], and forward/backward rotation during descent [212] can reduce the applied
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impact force to the hip. Including the possible common pre-impact movement strategies
in the modeling may improve the accuracy in simulating the real-life body falling.
- There are differences in results of the proposed two methods for estimating the stiffness/damping properties of the impact model. Although estimating the properties of hip
soft tissues from experimental data, using logarithmic decrement method, is more accurate, it requires performing the controlled and protected fall tests which is not practical
for the elderly. Therefore, using soft tissue thickness to determine the 𝐾 and the 𝐶 in the
impact model provides an experiment-free method, although the accuracy does not stand
in the same level.
- The model only assesses the subject-specific hip fracture risk in sideways falls, and may
not be applied for falls with different mechanics, i.e., impact to the anterior-lateral or posterior-lateral aspect of the hip, and knee or hand impact before pelvis impact.
- Due to the limitations in the number of our fall experiments and the number of subjects,
we could not explore how the mechanics of the fall, e.g., landing surface, pelvis and femoral configuration at impact, affect fracture risk.
- The FE model ignores muscle forces (abductors), which can have effect on stresses in
the proximal femur, and assumes bone isotropy.
- The limitations of DXA images are involved in our model. Subject positioning in DXA
scanning may introduce differences into the constructed FE model and influence the precision of results. However, DXA scanners are more widely available to clinicians com-
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pared to CT scanners [120]. Therefore, using the DXA image increases the applicability
of our model in clinics.
It also should be pointed out that a subject can show various unexpected reactions during
a fall that may change the fall characteristics and subsequently hip fracture risk. However, a fall with critical conditions is considered in developing the models.

Chapter 7
Conclusions and Recommendations

Hip fracture is a serious global health issue, which has imposed significant burden on
community healthcare systems. Therefore, it is commonly desired to develop an improved predictor to estimate the individual’s hip fracture risk for timely prevention and
protection measurements in order to reduce consequences such as morbidity, mortality,
disability, and therapy cost. The objective of this research was to develop a two-level
subject-specific biomechanical model for improving assessment of hip fracture risk. The
reported study has been conducted in three phases: (1) the first phase was to develop a
subject-specific dynamics model of the human body to simulate sideways falls and determine the applied forces to the hip during the impact; (2) the second phase was to present a FE model of the proximal femur to calculate the hip fracture risk in critical locations; and (3) the last phase was to apply the proposed two-level model on 130 clinical
cases and evaluate the advantages of the presented model over existing methods.
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Concluding Remarks

In the proposed model, all effective parameters are considered including anthropometric
parameters, loading condition, effect of hip soft tissues on absorbing the impact energy,
bone quality and bone geometry. This study introduces a model that eliminates the existing limitations and provides a subject-specific procedure to precisely assess the hip fracture risk.
The major findings of the research can be summarized as follows:
1. There exists an association between pixel intensity value in a DXA image and the
body density. As the DXA imaging requires low dosage of radiation compared to
3D imaging techniques, it is the best method for the estimation of anthropometric
parameters. Compared to other methods proposed for estimation of anthropometric parameters such as underwater weighting and air displacement plethysmography, using DXA image is cost effective with higher precision.
2. Loading condition is one of the most effective parameters in hip fracture risk assessment and should be determined precisely. A subject-specific dynamics model
can reduce the error in predicting the applied forces to the femur in lateral falls
and therefore it is a prerequisite for assessing hip fracture risk.
3. Joint torques affect the kinematics of body segments in a lateral fall and subsequently the applied impact force to the femur. To better simulate sideways falls,
joint torques should be considered in the dynamics model.
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4. Trochanteric soft tissues can significantly absorb the impact energy in a sideways
fall and thus neglecting this parameter in calculating the impact force will considerably affect the accuracy of results.
5. Hip fracture is affected by a complex combination of parameters and thus it is not
predictable by single risk factors. Neglecting any of the effective factors will affect the accuracy of hip fracture risk assessment.
6. Obesity is a protective factor against hip fracture in women as obese females usually have thicker hip soft tissues to attenuate the impact energy. Although falls of
obese subjects are severer than those of low BMI subjects, the transferred energy
to the femur is lower since a big amount of energy is absorbed by hip soft tissues.
7. Low BMI men and women are in the highest risk of hip fracture in lateral falls
due to their thin layer of hip soft tissues and lower BMD. Thin layer of hip soft
tissues transfers a significant amount of impact energy to the femur. As the BMD
is generally low in low BMI subjects, the femur is not strong enough to sustain
under the high impact force and the hip fracture risk increases.
8. Although biomechanical determinants of hip fracture are gender-specific, body
parameters which generally increase the risk of hip fracture are low body mass
index, thin layer of trochanteric soft tissues, and low bone mineral density.
9. As the trends observed clinically in women and men between hip fracture risk and
both BMI and BMD were described more accurately by subject-specific than nonsubject-specific models, the current observations support the value of future studies to examine the accuracy of our model in predicting fracture risk.
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The main contributions of the current study are stated as follows:
1. An algorithm for estimating anthropometric parameters from whole-body DXA
images has been introduced. The proposed method is able to determine physical
properties of the human body segments, such as centre of mass and mass moment
of inertia, which are highly required in biomechanical simulations.
2. A subject-specific dynamics model is developed to simulate the kinematics of
body segments in lateral falls from any arbitrary initial conditions. Compared to
an existing non-subject-specific dynamics model, our model reduced the relative
errors in the predicted hip vertical velocity and peak impact force from 40.1% and
35.4% to 6.1% and 8.9%, respectively.
3. A novel method is proposed to determine joint torques during the fall. The actions
of hip and knee joints change the kinematics of body segments during the fall and
therefore affect the applied forces to the femur in the impact stage. Complex integral results of actions of muscles, tendons, ligaments, and articular surfaces across
the joints are determined as the joint moments using a reverse dynamic procedure.
4. An algorithm is proposed to predict the response of the body in the impact stage
of a lateral fall using a subject-specific spring-damper combination. The springdamper system is modeled by determining the association between hip soft tissue
thickness and amount of absorbed energy. This algorithm eliminates the limitation
of previous hip fracture predictors in considering the attenuation of impact energy
by hip soft tissues.
5. Two distinct models are developed and linked together to have a comprehensive
subject-specific biomechanical model for more accurately assessing hip fracture
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risk. Bone material properties, bone geometry, and individual parameters such as
body mass distribution are considered in modeling.
6. Sensitivity of the proximal femur FE model to the location of critical crosssections and the boundary of the femur is eliminated using a semi-automatic
method for femur contour detection, and a fully-automatic procedure for detection
of critical locations of the proximal femur.

7.2

Recommendations for Future Research

In the next decade, significant efforts are anticipated to be devoted to experiments and
computational simulations, which make further progress in the improvement of hip fracture risk assessment. In the following list, some recommendations for future works that
may be possible by exploiting the interplay between computational simulations and experiments are suggested.
1. One of the limitations of the current study is that the model encounters difficulties
to fulfill a successful experiment-free simulation of joint actions in sideways falls.
The proposed model uses a reverse dynamic procedure to estimate the actions of
joints and their effects on the kinematics of body segments in lateral falls, which
requires experimental data. Therefore, establishing a general method needs performing a large number of experiments in order to fully investigate how joints act
during a fall from different initial conditions. However, it is still challenging to
perform fall experiments from great heights as it may cause inconveniences and
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bruising. Proposing a method to accurately simulate the joint actions in sideways
falls may significantly improve the precision of predicted impact force.
2. Subject-specific determination of the stiffness and the damping properties of hip
soft tissues can be further improved. A number of factors may affect the behaviour of trochanteric soft tissues in the impact stage of the fall including the thickness of trochanteric soft tissues, width of the hip, age of the subject, etc. 𝐾 and 𝐶
in the impact model may be changed even for one person in falls from different
heights. Improving determination of hip stiffness and damping properties can
greatly improve the accuracy of hip fracture risk assessment.
3. Considering the effect of pre-impact movement strategies in the dynamics model,
including the use of the hands and stepping in breaking the falls or rotating forward or backward during descent, may increase the reliability of the model in
simulating the sideways falls.
4. One of the purposes of this study was to improve assessment of hip fracture risk
in order to start the timely prevention and protection measurements. According to
the undefined threshold of FRI for starting the treatment, future potential studies
on hip fracture prediction should involve scaling the FRI for determining the level
of fracture risk. In calculating the FRI, the effective stress is compared with the
yield stress which declares a high risk of fracture for patients with FRI > 1. However, the prevention activities should be started much earlier than facing a high
risk of fracture. Defining this threshold requires a systematic study on patients
who experienced hip fracture by investigating their pre-fracture history.
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Appendix A
Equations of Motion of the Dynamics
Model

This appendix represents the derivation of motion equations of the dynamics model. To
build the Eq. (4.4), the kinetic and the potential energy expressions are required, which
are directly related to the generalized coordinates and their first time derivatives. The velocity at the mass center of each segment is obtained and decomposed into x, y, and zdirections and used in calculating the kinetic energy (Figure A.1).
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Figure A.1. Decomposed components of velocities of body segments in a sideways fall

Velocity at the shank mass center is determined by the first two generalized coordinates and the location of the shank mass center.
𝑣𝑐𝑔−𝑠ℎ𝑎𝑛𝑘 = [−𝑙1′ 𝛽̇ cos β]𝑖̂ + [𝑙1′ 𝛽̇ sin 𝛽 sin 𝛼 − 𝑙1′ 𝛼̇ cos 𝛽 cos 𝛼]𝑗̂
+ [−𝑙1′ 𝛽̇ sin 𝛽 cos 𝛼 − 𝑙1′ 𝛼̇ cos 𝛽 sin 𝛼]𝑘̂
= [−𝑃𝑙1 𝛽̇ cos β]𝑖̂ + [𝑃𝑙1 𝛽̇ sin 𝛽 sin 𝛼 − 𝑃𝑙1 𝛼̇ cos 𝛽 cos 𝛼]𝑗̂
+ [−𝑃𝑙1 𝛽̇ sin 𝛽 cos 𝛼 − 𝑃𝑙1 𝛼̇ cos 𝛽 sin 𝛼]𝑘̂,

P=

(A.1)

l1′
l1

The velocity of the knee is then obtained as
𝑣𝑘𝑛𝑒𝑒 = [−𝑙1 𝛽̇ cos β]𝑖̂ + [𝑙1 𝛽̇ sin 𝛽 sin 𝛼 − 𝑙1 𝛼̇ cos 𝛽 cos 𝛼]𝑗̂
+[−𝑙1 𝛽̇ sin 𝛽 cos 𝛼 − 𝑙1 𝛼̇ cos 𝛽 sin 𝛼]𝑘̂.

(A.2)

Appendix A

130

Therefore, the velocity at the thigh mass center can be calculated by the following equation,
𝑣𝑐𝑔−𝑡ℎ𝑖𝑔ℎ = 𝑣𝑘𝑛𝑒𝑒 + 𝑣𝑐𝑔−𝑡ℎ𝑖𝑔ℎ/𝑘𝑛𝑒𝑒
= [(𝑄 − 1)𝑙1 𝛽̇ cos β]𝑖̂
+ [−𝛼̇ cos 𝛼 (𝑙1 cos 𝛽 + 𝑄𝑙2 cos 𝛿) + sin 𝛼 (𝑙1 𝛽̇ sin 𝛽 + 𝑄𝑙2 𝛿̇ sin 𝛿)]𝑗̂

(A.3)

+ [−𝛼̇ sin 𝛼 (𝑙1 cos 𝛽 + 𝑄𝑙2 cos 𝛿) + cos 𝛼 (−𝑙1 𝛽̇ sin 𝛽 − 𝑄𝑙2 𝛿̇ sin 𝛿)]𝑘̂ ,
Q=

l′2
.
l2

where 𝛿 represents the angle between the vertical and the projection of the thigh segment
on the y-z plane. 𝛿 is not an independent DoF and can be calculated as
𝑙

𝛿 = sin−1 (𝑙1 sin 𝛽).
2

(A.4)

Subsequently, the velocity at the hip joint is obtained as
𝑣ℎ𝑖𝑝 = [−𝛼̇ 𝑐𝑜𝑠 𝛼 (𝑙1 𝑐𝑜𝑠 𝛽 + 𝑙2 𝑐𝑜𝑠 𝛿) + 𝑠𝑖𝑛 𝛼 (+𝑙1 𝛽̇ 𝑠𝑖𝑛 𝛽 + 𝑙2 𝛿̇ 𝑠𝑖𝑛 𝛿)]𝑗̂
+ [−𝛼̇ 𝑠𝑖𝑛 𝛼 (𝑙1 𝑐𝑜𝑠 𝛽 + 𝑙2 𝑐𝑜𝑠 𝛿)
+ 𝑐𝑜𝑠 𝛼 (−𝑙1 𝛽̇ 𝑠𝑖𝑛 𝛽 − 𝑙2 𝛿̇ 𝑠𝑖𝑛 𝛿)]𝑘̂
Trunk mass center velocity with respect to the hip is calculated by Eq. (A.6).

(A.5)
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𝑣𝑐𝑔−𝑡𝑟𝑢𝑛𝑘 = 𝑣ℎ𝑖𝑝 + 𝑣𝑐𝑔−𝑡𝑟𝑢𝑛𝑘/ℎ𝑖𝑝
= [−𝛼̇ 𝑐𝑜𝑠 𝛼 (𝑙1 𝑐𝑜𝑠 𝛽 + 𝑙2 𝑐𝑜𝑠 𝛿)
+ 𝑠𝑖𝑛 𝛼 (𝑙1 𝛽̇ 𝑠𝑖𝑛 𝛽 + 𝑙2 𝛿̇ 𝑠𝑖𝑛 𝛿) − 𝑅𝑙3 𝛾̇ 𝑐𝑜𝑠 κ 𝑐𝑜𝑠 𝛾]𝑗̂
+ [−𝛼̇ 𝑠𝑖𝑛 𝛼 (𝑙1 𝑐𝑜𝑠 𝛽 + 𝑙2 𝑐𝑜𝑠 𝛿)

(A.6)

+ 𝑐𝑜𝑠 𝛼 (−𝑙1 𝛽̇ 𝑠𝑖𝑛 𝛽 − 𝑙2 𝛿̇ 𝑠𝑖𝑛 𝛿) − 𝑅𝑙3 𝛾̇ 𝑐𝑜𝑠 κ 𝑠𝑖𝑛 𝛾]𝑘̂,
R=

l′3
l3

With the above expressions of velocities at segmental mass centers, the segmental kinetic
and potential energies can be obtained as follows:
1- for the shank,
1
2
𝑇𝑠ℎ𝑎𝑛𝑘−𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟 = 𝑚1 𝑣𝑐𝑔−𝑠ℎ𝑎𝑛𝑘
2
=

1
2
𝑚1 ([−𝑃𝑙1 𝛽̇ 𝑐𝑜𝑠 𝛽]
2

2
+ [𝑃𝑙1 𝛽̇ 𝑠𝑖𝑛 𝛽 𝑠𝑖𝑛 𝛼 − 𝑃𝑙1 𝛼̇ 𝑐𝑜𝑠 𝛽 𝑐𝑜𝑠 𝛼]
2
+ [−𝑃𝑙1 𝛽̇ 𝑠𝑖𝑛 𝛽 𝑐𝑜𝑠 𝛼 − 𝑃𝑙1 𝛼̇ 𝑐𝑜𝑠 𝛽 𝑠𝑖𝑛 𝛼] )

=

1
𝑚 (𝑃𝑙 )2 (𝛽̇ 2 + 𝛼̇ 2 (𝑐𝑜𝑠 𝛽)2 )
2 1 1
1
𝑇𝑠ℎ𝑎𝑛𝑘−𝑟𝑜𝑡𝑎𝑡𝑖𝑜𝑛 = 2 𝐼1 (𝛽̇ 2 + 𝛼̇ 2 (𝑐𝑜𝑠 𝛽)2 ),

𝑉𝑠ℎ𝑎𝑛𝑘 = 𝑚1 𝑔(𝑃𝑙1 ) 𝑐𝑜𝑠 𝛽 𝑐𝑜𝑠 𝛼,
2- for the thigh,

(A.7)
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1
2
𝑇𝑡ℎ𝑖𝑔ℎ−𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟 = 𝑚2 𝑣𝑐𝑔−𝑡ℎ𝑖𝑔ℎ
2
=

1
2
𝑚2 {[(𝑄 − 1)𝑙1 𝛽̇ 𝑐𝑜𝑠 𝛽]
2

+ [−𝛼̇ 𝑐𝑜𝑠 𝛼 (𝑙1 𝑐𝑜𝑠 𝛽 + 𝑄𝑙2 𝑐𝑜𝑠 𝛿)
2
+ 𝑠𝑖𝑛 𝛼 (𝑙1 𝛽̇ 𝑠𝑖𝑛 𝛽 + 𝑄𝑙2 𝛿̇ 𝑠𝑖𝑛 𝛿)]

(A.8)

+ [−𝛼̇ 𝑠𝑖𝑛 𝛼 (𝑙1 𝑐𝑜𝑠 𝛽 + 𝑄𝑙2 𝑐𝑜𝑠 𝛿)
2

+ 𝑐𝑜𝑠 𝛼 (−𝑙1 𝛽̇ 𝑠𝑖𝑛 𝛽 − 𝑄𝑙2 𝛿̇ 𝑠𝑖𝑛 𝛿)] }
1
𝑇𝑡ℎ𝑖𝑔ℎ−𝑟𝑜𝑡𝑎𝑡𝑖𝑜𝑛 = 2 𝐼2 (𝛿̇ 2 + 𝛼̇ 2 (𝑐𝑜𝑠 𝛿)2 ),

𝑉𝑡ℎ𝑖𝑔ℎ = 𝑚2 𝑔(𝑙1 𝑐𝑜𝑠𝛼 𝑐𝑜𝑠 𝛽 + 𝑄𝑙2 𝑐𝑜𝑠 𝛼 𝑐𝑜𝑠 𝛿),
3- for the trunk,
1
2
𝑇𝑡𝑟𝑢𝑛𝑘−𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟 = 𝑚3 𝑣𝑐𝑔−𝑡ℎ𝑖𝑔ℎ
2
=

1
𝑚 {[−𝛼̇ 𝑐𝑜𝑠 𝛼 (𝑙1 𝑐𝑜𝑠 𝛽 + 𝑙2 𝑐𝑜𝑠 𝛿)
2 3

2
+ 𝑠𝑖𝑛 𝛼 (𝑙1 𝛽̇ 𝑠𝑖𝑛 𝛽 + 𝑙2 𝛿̇ 𝑠𝑖𝑛 𝛿) − 𝑅𝑙3 𝛾̇ 𝑐𝑜𝑠 κ 𝑐𝑜𝑠 𝛾]

+ [−𝛼̇ 𝑠𝑖𝑛 𝛼 (𝑙1 𝑐𝑜𝑠 𝛽 + 𝑙2 𝑐𝑜𝑠 𝛿)
2
+ 𝑐𝑜𝑠 𝛼 (−𝑙1 𝛽̇ 𝑠𝑖𝑛 𝛽 − 𝑙2 𝛿̇ 𝑠𝑖𝑛 𝛿) − 𝑅𝑙3 𝛾̇ 𝑐𝑜𝑠 κ 𝑠𝑖𝑛 𝛾] }
1

𝑇𝑡𝑟𝑢𝑛𝑘−𝑟𝑜𝑡𝑎𝑡𝑖𝑜𝑛 = 2 𝐼3 (𝛾̇ 2 (cos κ)2 ),
𝑉𝑡𝑟𝑢𝑛𝑘 = 𝑚3 𝑔(𝑙1 cosα cos 𝛽 + 𝑙2 cos 𝛼 cos 𝛿 + 𝑅𝑙3 cos κ cos 𝛾).
The total kinetic and potential energies of the system are then calculated as bellow:

(A.9)
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3

3

3

𝑇 = ∑ 𝑇𝑖−𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟 + ∑ 𝑇𝑖−𝑟𝑜𝑡𝑎𝑡𝑖𝑜𝑛 , 𝑉 = ∑ 𝑉𝑖 , 𝑖 = 1, 2, 3
𝑖=1

𝑖=1

(A.10)

𝑖=1

1
1
𝑇 = 𝑚1 (𝑃𝑙1 )2 (𝛽̇2 + 𝛼̇ 2 (𝑐𝑜𝑠 𝛽)2 ) + 𝐼1 (𝛽̇ 2 + 𝛼̇ 2 (𝑐𝑜𝑠 𝛽)2 )
2
2
1
2
+ 𝑚2 {[(𝑄 − 1)𝑙1 𝛽̇ 𝑐𝑜𝑠 𝛽]
2
+ [−𝛼̇ 𝑐𝑜𝑠 𝛼 (𝑙1 𝑐𝑜𝑠 𝛽 + 𝑄𝑙2 𝑐𝑜𝑠 𝛿)
2
+ 𝑠𝑖𝑛 𝛼 (𝑙1 𝛽̇ 𝑠𝑖𝑛 𝛽 + 𝑄𝑙2 𝛿̇ 𝑠𝑖𝑛 𝛿)]

+ [−𝛼̇ 𝑠𝑖𝑛 𝛼 (𝑙1 𝑐𝑜𝑠 𝛽 + 𝑄𝑙2 𝑐𝑜𝑠 𝛿)
1
2
+ 𝑐𝑜𝑠 𝛼 (−𝑙1 𝛽̇ 𝑠𝑖𝑛 𝛽 − 𝑄𝑙2 𝛿̇ 𝑠𝑖𝑛 𝛿)] } + 𝐼2 (𝛿̇ 2 + 𝛼̇ 2 (𝑐𝑜𝑠 𝛿)2 )
2

(A.11)

1
+ 𝑚3 {[−𝛼̇ 𝑐𝑜𝑠 𝛼 (𝑙1 𝑐𝑜𝑠 𝛽 + 𝑙2 𝑐𝑜𝑠 𝛿)
2
2
+ 𝑠𝑖𝑛 𝛼 (𝑙1 𝛽̇ 𝑠𝑖𝑛 𝛽 + 𝑙2 𝛿̇ 𝑠𝑖𝑛 𝛿) − 𝑅𝑙3 𝛾̇ 𝑐𝑜𝑠 κ 𝑐𝑜𝑠 𝛾]

+ [−𝛼̇ 𝑠𝑖𝑛 𝛼 (𝑙1 𝑐𝑜𝑠 𝛽 + 𝑙2 𝑐𝑜𝑠 𝛿) + 𝑐𝑜𝑠 𝛼 (−𝑙1 𝛽̇ 𝑠𝑖𝑛 𝛽 − 𝑙2 𝛿̇ 𝑠𝑖𝑛 𝛿)
1
2
− 𝑅𝑙3 𝛾̇ 𝑐𝑜𝑠 κ 𝑠𝑖𝑛 𝛾] } + 𝐼3 (𝛾̇ 2 (cos κ)2 )
2

𝑉 = 𝑚1 𝑔(𝑃𝑙1 ) cos 𝛽 cos 𝛼 + 𝑚2 𝑔(𝑙1 cosα cos 𝛽 + 𝑄𝑙2 cos 𝛼 cos 𝛿) +
𝑚3 𝑔(𝑙1 cosα cos 𝛽 + 𝑙2 cos 𝛼 cos 𝛿 + 𝑅𝑙3 cos κ cos 𝛾).

(A.12)

Motion equations of the dynamics model are obtained by substituting Eqs. (A.11) and
(A.12) into the Eq. (4.4). The governing equation for this formulation, which has been
simplified from its most general form by the use of generalized coordinates, is
𝑯(𝒒)𝒒̈ + 𝑪(𝒒, 𝒒)̇ + 𝑮(𝒒) = 𝑻,

(A.13)

where bold letters are used to represent vectors and matrices. The first term on the lefthand side of the above equation represents the inertial coupling between segments. It
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consists of the system inertia tensor (𝑯) multiplied by the joint angular acceleration vector:
𝑞1̈
𝑞̈ = [𝑞2̈ ].
𝑞3̈

(A.14)

The second term (𝑪) which would generally account for torques arising due to centrifugal
and Coriolis effects, in this case represents only centrifugal effects, since Coriolis terms
are eliminated by the choice of generalized coordinates. The third term (𝑮) represents
torques on the system due to gravity. Finally, the term on the right side (𝑻) corresponds
to the external torques placed on the system such as the torques applied on the joints as
joint actions.
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Appendix B
Derivation

of

the

Effective

Mass

Equation

This appendix represents the derivation of the effective mass equation in the impact model. The effective mass is calculated by expressing the vertical impact force applied at the
hip, in terms of the vertical acceleration of the hip during impact (𝑧̈ℎ𝑖𝑝 ), divided by
(𝑧̈ℎ𝑖𝑝 + 𝑔), where g is the acceleration of gravity.
Meffective =

Fvertical
z̈ hip + 𝑔

(B.1)

Considering the upper trunk configuration at the impact moment (Figure B.1) and the applied forces to the hip, the Newton’s second law can be written as
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Fhip d = I3 φ̈,
(B.2)
−m3 𝑔 + Fhip = m3 z̈ cg ,

where 𝑧̈𝑐𝑔 is the vertical acceleration of the trunk mass center and index 3 indicates the
upper trunk properties. Hence, 𝑧̈𝑐𝑔 can be calculated as
I φ̈

3
z̈ cg = d.m
− 𝑔.

(B.3)

3

Figure B.1. Free body diagram of the upper trunk at the impact instant in the plane passing through the upper trunk and z-axis

The relation between 𝑧ℎ𝑖𝑝 and 𝑧𝑐𝑔 , the vertical distance of the hip and the trunk mass center from the ground, can be expressed as follows:
zhip = zcg − l′ 3 cos φ,

(B.4)

z̈ hip = z̈ cg + l′ 3 (φ̇2 cos φ + φ̈ sin φ).

(B.5)

and thus,

Based on the study in [133], 𝜑̇ 2 is much smaller than 𝜑̈ (𝜑̇ 2 < 0.01|𝜑̈ |) and therefore the
effective mass can be defined by combining Eqs. (B.1), (B.2), (B.3) and (B.5),
Meffective = I

I3 m 3
′
3 +l 3 dm3 sin φ

.

(B.6)

Appendix B

137

In Eq. (B.6), 𝑑 defines the horizontal distance between the hip and the trunk mass center
in the plane passing through the upper trunk and z-axis which can be determined as
d = l′ 3 sin φ,

(B.7)

where 𝜑 is the angle between the vertical and the trunk that can be calculated as
φ = arc cos(cos γ cos κ).
(B.8)
In Eq. (B.8), 𝛾 is the angle between the vertical and the projection of the trunk segment
on the y-z plane and 𝜅 is the angle between the trunk and the line through the hinge at the
floor and the hip joint (Figure 4.2).
The same procedure is used for calculating the lower extremity effective mass. As the
lower extremity configuration does not have any considerable change during the impact,
and there is no abduction/adduction DoF for the knee joint [133], the shank and the thigh
segments can be considered rigidly interconnected during the impact for the purpose of
calculating the effective mass. As shown in Figure B.2, Link 1 (the shank) and Link 2
(the thigh) are treated as a single link [133] in derivations of the lower extremity effective
mass.

Figure B.2. Top view of the shank (Link 1) and the thigh (Link 2) at the impact moment
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Eq. (B.9) defines the lateral distance between the hip and the mass center of the lower extremity,
d=

(1−Q)l2 m2 cos δ+m1 ((1−P)l1 cos β+l2 cos δ)
m1 +m2

𝑙′

𝑙′

1

2

,

(B.9)

where 𝑃 = 𝑙1 and 𝑄 = 𝑙2. The lower extremity mass moment of inertia about x ′ -axis, parallel to the x-axis and passing through the total leg center of mass, is calculated using the
parallel-axis theorem:
Itotal = I1 transfered + I2 transfered

(B.10)

I1 transfered = I1 (cos β)2
+ m1 ((1 − P)l1 cos β + l2 cos δ
(B.11)
2

−

m2 (1 − Q)l2 cos δ + m1 ((1 − P)l1 cos β + l2 cos δ)
)
m1 + m2

I2 transfered = I2 (cos δ)2
+ m2 (

m2 (1 − Q)l2 cos δ + m1 ((1 − P)l1 cos β + l2 cos δ)
m1 + m2

(B.12)

2

− (1 − Q)l2 cos δ)
where 𝐼1 (𝑐𝑜𝑠 𝛽)2 and 𝐼2 (𝑐𝑜𝑠 𝛿)2 are respectively 𝐼1 and 𝐼2 about the x-axis. The effective
mass of the lower extremity is obtained using Eq. (B.6) where 𝑚3 and 𝐼3 are respectively
substituted by (𝑚1 + 𝑚2 ) and 𝐼𝑡𝑜𝑡𝑎𝑙 and considering that 𝜑 = 90𝑜 :
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Meffective (lower extremity) =

Itotal
I
d2 + m total
1 + m2

(B.13)

The total effective mass is then calculated as follows:
Meffective (total) = Meffective (lower extremity) + Meffective (upper extremity)

(B.14)
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