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ABSTRACT 

One of the most common cervical injuries caused by car accidents is called 

whiplash injury or Whiplash-Associated Disorder (WAD). The WAD injury mechanism 

has had considerable effort towards its understanding, but it still not fully understood. 

Many studies in literature involve male subjects in rear-end whiplash simulations. 

However, there are few similar studies for female subjects. It is important to study the 

female cervical spine in whiplash simulations because more women than men suffer 

whiplash injury with a 1.5 to 2 times higher risk with women more frequently suffering 

long-term effects.  

The objective of this study was to develop a finite element method (FEM) model 

of the female cervical spine to conduct a model-based simulation of a rear-end whiplash-

associated vehicular collision. This was accomplished by developing a high-fidelity FEM 

model of the female cervical based on subject-specific data, completing a model 

validation, and running a rear impact simulation on the FEM model.  

The validation showed that the model agreed with experimental corridors found in 

literature for ranges of motion (ROM) including flexion-extension, lateral bending, and 

axial rotation. A mesh and material sensitivity analysis were also conducted. Based on 

parameters found in literature, a rear impact simulation was performed. A pure moment 

was applied to C2 of the model to simulate the effects of the head on the cervical spine in 

a rear end car crash over 100 milliseconds. The hyperextension injury mechanism was 

investigated. It was found that in the lower vertebral segments, C4 through C7, the 

female model’s extension values exceeded those of a similar male model found in 
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literature in 2 out of the 3 motion segments by a factor of 2 or more. The female model 

also greatly exceeded physiological values found in literature indicating a risk of 

hyperextension. It can be concluded that females are at a higher risk of hyperextension 

injury from whiplash-associated crashes than males under similar crash conditions.  
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CHAPTER I 

INTRODUCTION 

1.1 MOTIVATION 

Finite element method (FEM) is an important interdisciplinary tool that can be 

used by a wide variety of professionals such as engineers, scientists, and medical 

researchers. It allows physical phenomenon, such as the deformation of materials or car 

crashes, to be simulated using a numerical technique that obtains approximate solutions 

to complex mathematical problems. FEM greatly reduces the need for physical 

prototypes and experiments and optimizes the design phase when developing products for 

practical applications. This saves both time, resources, and money (What Is the Finite 

Element Method?, n.d.). Medical researchers can also use FEM to have a non-invasive 

way of investigating anatomical issues patients are having using only data and 

computational modeling. Injury mechanisms and the human response to impact loads can 

be more easily investigated using these models in simulations (Cicciù, 2020). These are 

some reasons why FEM has been used to model parts of the human body, like the 

cervical spine.  

Damage to the cervical spine, the neck portion of the spine, can result in fatal or 

long-term impairment. It also is the portion of the spine that is most susceptible to injury 

because of its anatomy and flexibility (Torlincasi & Waseem, 2019). Determining 

mechanisms of injury for the cervical is essential to identifying the type of injury, the 

location, and the severity for a particular patient. FEM modeling has the ability to be 

subject-specific and can easily simulate trauma scenarios to determine the subject 

biomechanical response. Injury to the cervical can be a result of hyperextension, 
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hyperflexion, rotation, contusion, or compression of the spine. The most common cause 

of these types of injuries is trauma. Trauma includes falls, blunt force trauma, sports-

related injuries, and car accidents (Torlincasi & Waseem, 2019). Car accidents are the 

most common type of trauma that causes cervical injury with more than 800,000 

accidents occurring in the United States annually (Li et al., 2019). 

Car accidents can vary in severity and type with injuries ranging from mild to 

lethal due to the increase in impact load or inertia of the neck during accidents (Li et al., 

2019). One of the most common cervical injuries caused by car accidents is called 

whiplash injury or Whiplash-Associated Disorder (WAD). The whiplash injury 

mechanism has had considerable effort towards its understanding but it still not fully 

understood (Chen et al., 2009; Li et al., 2019; J. Mordaka & Gentle, 2003; Panjabi et al., 

1998). It has been loosely defined as a low-velocity impact injury that involves unaware 

victims being struck from the rear while stationary (Li et al., 2019; Panjabi et al., 1998). 

While whiplash can occur from being hit in any direction, rear-end impacts have been 

associated with the highest risk of whiplash injury compared to other directions (Li et al., 

2019). 

There were many studies in literature that involved male subjects in rear-end 

whiplash simulations such as Stemper et al. (2006) that assessed head restraint effects on 

a male head-neck model in rear impacts and Zhang et al. (2011) that created a 50th 

percentile healthy adult male cervical model to evaluate neck injury criterion and other 

factors in whiplash loading (Brian D. Stemper et al., 2006; Zhang et al., 2011). However, 

there are few similar studies for female subjects. This can limit the development of more 
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inclusive and effective vehicle protection systems that address whiplash injuries for all 

sexes in car accidents.  

Furthermore, it is important to study the female cervical spine in whiplash 

simulations due to the fact more women than men suffer from whiplash injury with a 1.5 

to 2 times higher risk with women more frequently suffering long-term effects (Li et al., 

2019; J. Mordaka & Gentle, 2003). Sex is an important factor in assessing the risk of 

injury to the cervical due to the differences in anatomy and physiology between males 

and females. Male and female cervical spines have several morphological differences in 

circumference, vertebral size, and muscle strength (Carlsson, 2012). In the studies that 

were found, the female cervical in vehicle crashes were analyzed using a scaled down 

50th percentile male model or a 5th percentile female dummy (Corrales & Cronin, 2021; J. 

Mordaka & Gentle, 2003; Östh et al., 2017). This is inadequate due the anatomical and 

physiological differences mentioned. Therefore, a high-fidelity model of a female 

cervical spine is necessary and would be a significant contribution to further the 

understanding of injury mechanisms in females in vehicle collisions. 

1.2 OBJECTIVES 

The objective of this study is to develop a FEM model of the female cervical 

spine to conduct a model-based simulation of a rear-end whiplash-associated vehicular 

collision. This was accomplished using the following steps: (1) developing a high-fidelity 

FEM model of a female cervical spine that includes the vertebrae, intervertebral discs, 

and ligaments; (2) validating the model through quasi-static loading; (3) conducting a 
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FEM model-based simulation on a female cervical spine model to analyze a whiplash 

injury mechanism in a rear-end collision. 

1.3 LITERATURE REVIEW 

1.3.1 Whiplash-Associated Disorder 

Whiplash Associated Disorder (WAD), also known as whiplash injury, is a 

worldwide concern and can have high economic costs because of their high frequency 

and because they can lead to long term pain and disability (Carlsson, 2012; Chen et al., 

2009). In the United States, the number of whiplash injuries each year is estimated to be 

around 800,000 with 270,000 being from rear impacts. The annual cost of whiplash 

injuries is about 2.7 billion USD (Office of the Federal Register, 2004). It has also been 

shown that the number of whiplash injuries has only increased since the late 1960’s. This 

has been attributed to a number of factors including increased strength in seatbacks and 

improvement in vehicle construction resulting in overall increased stiffness of a vehicle 

and, therefore, increased force in crashes. The invention of seatbelts has also contributed 

to the increase (Carlsson, 2012).  

In a study by Galasko et al. (1993), it was reported that the whiplash injury rate 

for UK drivers a year prior to the seatbelt legislation in 1983 increased from 7.7% in 929 

patients admitted for injuries from a car accident to 42.5% in 2,661 patients by 1990. This 

rate has continued to increase (Chen et al., 2009). Furthermore, according to insurance 

claims in the United States, neck sprains are the most common type of injury making up 

40% of total claims. Of these claims, it was reported by the Quebec Task Force, an 

organization that created the Quebec classification of WAD in 1995 to help clinicians 

make decisions about treatment and epidemiology of WAD, that 61% of these insurance 
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claims were from WAD and resulted in an expense of 590 million dollars (Chen et al., 

2009).  

People who have reported having whiplash pain or injury experienced a low to 

moderate speed rear-end car collision. A low impact velocity is considered to be 6.2 to 

15.5 miles/hour (Carlsson, 2012). Rear impacts cause pain in the neck twice as frequently 

compared to frontal or other angles of impact. Of drivers that have WAD, 51.9% were 

injured in a rear impact while 27.2% were injured in frontal impacts and 16.4% in lateral 

impacts (Chen et al., 2009). In a study that involved crash-recorder equipped cars, it was 

found that 15 occupants in this study had no injury if the peak acceleration was 6 Gs or 

less, 20 had short-term disability if the acceleration was 10 Gs or less, and three 

occupants had long-term disability if the peak accelerations were between 13 to 15 Gs 

(Krafft et al., 1997, as cited in Chen et al., 2009). It should be noted that G, also known as 

G-force, is a unitless measurement of acceleration. Acceleration can be derived using G-

force by simply multiplying the amount of Gs by the gravitational constant (Equation 1) 

(Teo et al., 2005). 

𝑎 =  𝐺 𝑋 𝑔                 (1) 

If someone suffers a whiplash injury, it can cause major disruptions to daily life 

and cause debilitating symptoms such as neck pain, stiffness, loss of sensations, memory 

impairment, and trouble concentrating. A large proportion of those injured will have 

significant disability that can affect their job, recreational activities, and everyday 

errands. Most studies conducted on WAD have reported that 6% to 18% of people will 
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that get a whiplash injury will have long-term disability. This also increases the economic 

and personal costs of WAD (Carlsson, 2012; Chen et al., 2009). 

The grades of WAD can range from a Grade I which includes symptoms of neck 

pain, stiffness, and/or tenderness to a Grade IV that includes complaint of the neck and 

fracture or dislocation (Table 1.1). Musculoskeletal signs can occur in different grades 

causing decreased range of motion (ROM) and point tenderness. Neurological signs that 

occur include decreased or absent deep tendon reflexes, weakness, and sensory deficits. 

There are some symptoms that can be included in all grades of WAD which are deafness, 

dizziness, tinnitus, headache, memory loss, dysphagia, and TMJ or temporomandibular 

joint pain (Freeman et al., 1998). These symptoms can become worse as time goes on 

sometimes with an interval where there is minimal to no pain before it becomes worse 

(Chen et al., 2009). 

Table 1.1. Quebec Classification of WAD (Freeman et al., 1998) 

 

 

 

 

WAD is considered a soft tissue injury of the neck (Figure 1.1). Structures in the 

cervical spine that are most likely to be injured in a whiplash event are the facet capsules, 

intervertebral discs, and the upper cervical ligaments. While it is possible for injuries to 

occur elsewhere in the cervical, evidence suggests that these are much more unlikely. If a 

facet capsule injury occurs, this is usually due to ligament tears, cartilage damage, 

Grade Clinical Presentation 

0 No complaint of neck 

No presence of physical signs 

I Neck complaint of pain, stiffness, or tenderness only 

No presence of physical signs 

II Neck complaint AND musculoskeletal signs 

III Neck complaint AND neurological signs 

IV Neck complaint AND fracture/dislocation 
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contusion of the intraarticular meniscus hemarthrosis which is a joint hemorrhage, or 

microfractures. When there an intervertebral disc injury occurs, it can be due to annulus 

fibrosus ligament tears, cracks in the disc’s nucleus, and vertebral endplate avulsions. 

Major neck ligament injuries are most often due to anterior longitudinal ligament tears 

(Chen et al., 2009). 

Figure 1.1. Lateral view of the cervical spine with labeled structures 

(https://www.researchgate.net/figure/Schematic-lateral-view-of-the-cervical-

spine_fig1_46858084) 

 

Based on a FEM study of the cervical spine, a general hyperextension movement 

pattern can be considered in a rear-end impact whiplash (Figure 1.2). From the time of 

impact to 10 milliseconds after, all motion segments are in flexion except for the C6-C7 

motion segment. Motion segments are comprised of two adjacent vertebrae connected by 

a intervertebral disc (Bonifaz, 2021; Teo et al., 2005). From 10 to 20 milliseconds, the 

lower motion segments, between C3 to C7, have extension motion having different 

https://www.researchgate.net/figure/Schematic-lateral-view-of-the-cervical-spine_fig1_46858084
https://www.researchgate.net/figure/Schematic-lateral-view-of-the-cervical-spine_fig1_46858084
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angles of rotation while the upper motion segments keep the flexion motion for a longer 

period before turning to extension. From 20 to 70 milliseconds, the entire cervical spine 

forms a S-shape curve with flexion at the upper segments and extension in the lower. 

From 70 to 100 milliseconds, all segments go into hyperextension forming a C-shape. At 

100 milliseconds, peak velocity is reached and the cervical spine begins to decelerate 

while the extension rotational angles also begin to decrease (Chen et al., 2009; Teo et al., 

2005). Hyperextension is one of the main hypothesized injury mechanisms and is an 

aspect of whiplash injury that will be evaluated in this thesis. 

Figure 1.2. Schematic of hyperextension in rear-end collision 

(https://www.researchgate.net/figure/Pre-impact-and-extension-phase-of-whiplash-trauma-

Arrow-indicates-stretching-forces-on_fig1_47381917) 

 

Even though there is a high incidence rate of WAD, the injury mechanisms are 

not fully understood. One of the reasons for this is that injuries cannot always be seen in 

x-rays or MRIs because it is not always associated with obvious tissue damage. Many 

injury mechanisms have been identified for the cervical spine, but the extent to which 

they contribute to WAD remains unclear. A group of researchers conducted different 

studies to better explain the mechanisms of whiplash injury. These tests included 

epidemiology, neck kinematics, facet capsule ligament mechanics, and injury criteria 

(Chen et al., 2009). 
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One of the proposed injury mechanisms of WAD was muscle strains. When the 

head goes into hyperextension, the motion of the head causes the anterior muscles of the 

neck to stretch. It is hypothesized that these muscles are at a risk for injury because of 

eccentric contraction during whiplash motion. Eccentric motion is when a muscle 

contracts while it is being stretched. A secondary hypothesis for the muscle strain 

mechanism is extensor muscles in the back of the neck are injured in rebound motion of 

the head and neck into the belt system when they are under eccentric contraction. This 

may explain why many WAD victims have short-term muscle stiffness following a car 

crash. However, this fails to explain why there has been a significant number of people 

that do not have neck pain following a crash when they have a seatbelt on (Chen et al., 

2009). 

The next proposed injury mechanism is spinal column pressure pulses. In a pig 

study that investigated rapid flexion-extension motion in a simulated rear impact, 

pressure pulses of 150 mmHg were found in the lower cervical canal. In an analysis of 

the nerve cells in the canal, it was found that dye was leaking from the cerebrospinal fluid 

indicating there was membrane damage. However, this mechanism does not explain why 

many patients report having pain in the inferior region of the neck when spinal pressure 

can be found anywhere in the spinal column (Chen et al., 2009). 

The next injury mechanism that will be discussed is facet impingement. In neck 

radiographs from volunteer tests, researchers observed that in the lower cervical 

vertebrae, there were larger rotational angles. Rotation between the 5th and 6th segments 

were the largest and earliest. This was indicated through the instantaneous axis of rotation 
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(IAR) between C5 and C6. During the S-shape motion of whiplash, the IAR moves into 

the C5 vertebral body indicating that C5 has mostly rotation motion. As a result of this 

motion, it is hypothesized that the facet surfaces could collide resulting in mechanical 

impingement. It is also observed that if torque here is large enough, there is a possibility 

of tearing the anterior longitudinal ligament (ALL) or a possibility of separating the 

annulus fibrosus from the end plate in a disc (Chen et al., 2009; Yoganandan et al., 2002). 

Shear is another injury mechanism that has been hypothesized. In the beginning 

of a rear impact, the seatback causes the torso to push forward while the head remains 

stationary. When the seatback pushes on the cervical from this motion, it can cause the 

thoracic part of the spine to become straight. Inertia of the head converts vertical motion 

into compression loading in the cervical. As the torso begins to pull forward the head, a 

shear force is generated in the cervical. This could cause soft tissue injury in the 

intervertebral discs. Because the cervical would be under compression, the vertebrae 

could slide and the facet capsules stretched or torn causing inflammation and pain (Chen 

et al., 2009; Deng & Fu, 2002).  

In early primate, volunteer, and cadaver studies, it was thought that the 

hyperextension of the neck was the cause of whiplash injury. However, data from these 

studies was insufficient to explain why the occurrence of WAD continued after cars were 

equipped with head restraints to reduce hyperextension in the 1980s from the new motor 

vehicle safety regulations. However, hyperextension still continues to be a highly 

proposed injury mechanism for whiplash and will be specifically investigated in this 

thesis (Chen et al., 2009). 
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1.3.2 Finite Element Method Modeling in Whiplash Studies 

There have been several methods utilized to investigate whiplash injury 

throughout history including radiological, statistical, animal, dummy sled, volunteer, and 

cadaveric testing (Golinski, 2000). While this is the case, injury mechanisms still have 

not been clearly and sufficiently identified. The medical community has widely used 

radiological research to assess whiplash injuries in patients. While this tool has been used 

to record behavior of the spine in whiplash, results have been found to be primarily 

inconclusive. In statistical or epidemiological studies, trends regarding the risk of WAD 

have been found based on sex, age, accident conditions, and more. However, many of 

these studies have also had contradictory conclusions. Additionally, data obtained from 

animal testing cannot be directly compared to humans but are still considered because of 

similar anatomy in certain regions of the body (Golinski, 2000). 

In dummy sled testing, Hybrid III Dummies have been used for decades to 

represent a human in a car crash with this type of testing being required to meet 

legislative occupant safety requirements. This model has not changed in the past 20 years 

and is highly outdated. The neck of the dummy is a flexible vertical piece having three 

rigid aluminum elements representing the vertebrae and two aluminum end plates for 

attachment in tests. A steel cable runs through the center of the neck for axial strength. 

New neck designs for these dummies have been proposed like those presented by 

Svensson and Lovsund (1992) and Thunnissen et al. (1996) to better replicate the neck 

behavior as whiplash injuries have increased. However, there is still strong deficiency in 

the biomechanical fidelity of the dummy neck. Cadaver studies are used in more extreme 

crash testing to investigate the human response under severe loading. These tests have 
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had strong ethical debates and controversy and have been halted in many countries 

(Golinski, 2000). Recently, there has been an increase in the use of volunteer sled testing. 

These types of tests are under strict safety protocols and can only be performed under 

safe levels of impact. Volunteer tests are mainly used to validate dummy testing and their 

biofidelity instead of being used to better understand whiplash injury (Golinski, 2000).  

This is an exhaustive list of experimental approaches that are used to further the 

understanding of whiplash injury. However, they all are lacking in one way or another. 

Two major setbacks of these approaches are they do not model the cervical spine 

accurately enough or the tests are too risky or considered unethical. A tool that could be 

effectively utilized to study WAD is FEM modeling (Fice et al., 2011; B. D. Stemper et 

al., 2004; Zhang et al., 2011). A computer model would offer a more detailed output than 

experimental models and would allow for easier variation of parameters without having 

to use physical resources. With FEM modeling, many of the setbacks discussed can be 

eliminated. Some of the significant studies that use three-dimensional FEM modeling to 

study rear-end impact whiplash include studies by Stemper et al. (2004), Cormarkovic et 

al. (2006), Zhang et al. (2011), and Fice et al. (2012).  

In Stemper et al. (2004), a validation of a computer model of the head-neck 

system in a rear-impact collision was conducted focusing on local facet joint component 

kinematics. Facet joints components were analyzed to identify specific structural parts 

that may have a direct impact on injury mechanisms. The model consisted of the head, 

seven cervical vertebrae, and first thoracic vertebra. All of these components were 

considered rigid because of the limited vertebral deformation in rear impact loading. The 
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rigid bodies were connected using nonlinear visco-elastic elements to represent the soft 

spinal tissues including intervertebral discs, facet joints, and various ligaments and 

muscles. The model was loaded with three impact velocities: 1.3, 1.8, and 2.5 m/s. T1 

was constrained against any translation or rotation and gravitational compressive force 

was included. It was found that the global head-neck angle, segmental angles, and facet 

joint kinematic responses all fell within experimental ranges and was true for all impact 

velocities. The model demonstrated the initial S-shape of whiplash lasting around 100 

milliseconds followed by hyperextension. It was concluded that it is important to address 

neck musculature in rear-impact kinematics to better understand whiplash. It was not said 

what the geometry of this model was based on, but the literature used to validate the 

model was based on male geometry (B. D. Stemper et al., 2004). 

In Cormarkovic et al. (2006), FEM modeling was used to assess how head 

restraints in cars can be optimized in early product development and how they can be 

used to significantly reduce the risk for whiplash injury. A BioRID II dummy’s behavior 

in a sled test was compared to a LS-DYNA® simulation of a BioRID II dummy. It was 

illustrated in both tests that upper cervical shear force could be reduced and possibly 

eliminated with a headrest device and axial force could be controlled with proper 

headrest positioning (Cormarkovic & Hasler, 2006). However, subject-specific data was 

not used to analyze the response of the neck and therefore has some limitations. 

In Zhang et al. (2011), the limited availability of cervical spine FEM models that 

explore internal stress of soft tissues under whiplash loading was addressed. A FEM 

model was developed that consisted of the head, C1 through T1 vertebrae, and soft 
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tissues. The model was based on a 36-year-old male. The global acceleration and 

displacements, segmental angulations, and stress of soft tissues were investigated and 

compared to published data. It was found that the highest segmental angles and maximum 

stress on the intervertebral discs occurred at the C7-T1 motion segment and greater stress 

was located at the anterior and posterior edges of the discs (Zhang et al., 2011). 

In Fice et al. (2012), a numerical cervical spine model was used to study the 

effects of whiplash on the cervical ligaments. A model of a 50th percentile male cervical 

spine was developed and validated. The model included passive and active musculature, 

intervertebral discs, ligaments, and vertebrae. The response of the upper cervical 

ligaments was assessed under frontal impact loading using 8, 15, and 22 G peak 

accelerations and in rear impact loading using 4, 7, 10, 13, and 16 Gs. The results 

concluded that WAD can occur in frontal impacts at 10 Gs or lower and in rear impacts at 

5 Gs or lower (Fice & Cronin, 2012). This study did not address any other responses of 

the cervical spine. 

In all studies, limitations can be addressed. None of the studies discussed included 

an evaluation of the female response to whiplash and many did not include subject-

specific data to develop more accurate cervical spine models. To eliminate these 

drawbacks, a FEM model of the female cervical spine will be developed using subject-

specific data and will be used to investigate WAD. 

1.3.3 Female Whiplash Injury Studies 

It has been reported in several statistical studies that females have a greater 

chance of sustaining WAD compared to males in similar crash conditions. They are also 
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more prone to long-term injury (Bose et al., 2011; Carlsson, 2012; J. K. Mordaka, 2004; 

Putra et al., 2021). The effectiveness and performance of safety devices like seatbelts, 

airbags, and more are sensitive to biological and biomechanical factors such as size, 

injury tolerance, and mechanical response. Sex is highly correlated with most of these 

factors. It is understood that car safety devices are optimized for male occupants because 

most of the experimental data on car safety is based on 50th percentile male model. This 

leads to the average female car occupant being underrepresented and these devices may 

not be as effective for females (Bose et al., 2011; Carlsson, 2012; J. Mordaka & Gentle, 

2003; J. K. Mordaka, 2004; Östh et al., 2017). FEM female cervical spine models are 

needed to fill this gap in female model availability, to assess how safety devices can be 

optimized for all genders, and to better understand injury mechanisms that occur in 

female car occupants.  

Although there is limited data on the female response in whiplash, there are a few 

studies that are worth mentioning. In Mordaka (2004), FEM modeling was used to better 

understand the cause of higher risk of whiplash injury in females. A male head-neck 

model was grafted onto a standard Hybrid III dummy and was adapted to represent what 

is considered the average female. The results of the experiment showed that a scaled 

down male model cannot simply represent females. A more complex and detailed model 

for females is needed. It was concluded that the scaled down male model responses still 

resembled the 50th percentile male model more closely than a 50th percentile female 

model (J. K. Mordaka, 2004). 
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In Carlsson (2012), two rear impact studies involving an approximately 50th 

percentile female and 50th percentile male model were conducted. Neck injury criterion 

and experimental corridors were compared in the models. The 50th percentile female 

model was a rear impact dummy called the EvaRID V1.0 and was developed using an 

existing BioRID II dummy. The anthropometry was defined using published data for the 

female model. A second female model was developed using a scaled down 50th percentile 

male dummy similar to Mordaka (2004). It was found that the biofidelity of EvaRID 

V1.0 was acceptable when undergoing low velocity changes but both models had 

limitations. The limitations included developing a model that would accurately represent 

a 50th percentile female and the lack of accurate geometry for the models in general. 

Future work suggested was building an anatomically accurate female FEM model to 

better understand the effects whiplash has on females and to better assess how to develop 

more accurate car safety features for this gender (Carlsson, 2012). 

In Osth et al. (2016), a ligamentous cervical spine model was developed and 

validated for biomechanical research on the responses of female cervical spines in 

vehicular collisions. The model was based on a 26-year-old female. The study claimed 

that the model developed could be representative of the average female cervical spine 

with the biggest difference in the model and the average female cervical being the 

vertebral body depth which was 3.4% shorter in the model. Overall, the model compared 

well with flexion-extension loading simulations found in literature (Östh et al., 2016).  

The use of FEM modeling allows important data to be obtained that would 

otherwise be difficult to collect from physical experiments. It allows for accuracy, 
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precision, and repeatability. In this thesis, the responses of the female cervical spine in 

rear impact whiplash events will be investigated using FEM modeling. In addition, the 

step-by-step process of developing a high-fidelity FEM model of a female cervical spine 

based on subject-specific data will be introduced. This includes building the three-

dimensional cervical vertebrae based on CT scans in 3D Slicer®, refining the model in 

Blender®, building the mesh in IA-FEMesh®, and defining the different parts of the 

cervical and various loads in LS-DYNA®. I will then discuss how the model was 

validated and the parameters and results of my whiplash rear-end impact simulation. 

Finally, the conclusions and future work will be given. 
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CHAPTER II 

MODEL DEVELOPMENT 

2.1 CT SCAN DATA TO PRELIMINARY THREE-DIMENSIONAL MODEL 

CT scans were used to build a three-dimensional model from two-dimensional CT 

scans. These CT scans combined a series of x-ray images from different angles around 

the subject to create two-dimensional images of bone. This provides more information 

than a single x-ray image. It is a common technique to construct three-dimensional 

models from two-dimensional image slices. The CT data used for this model was 

provided by Guangzhou University of Chinese Medicine and was based on a 58-year-old 

female weighing 75 kilograms. The CT scans included the C2 through C7 cervical 

vertebrae and were imported into 3D Slicer® in a .DCM or Digital Imaging and 

Communication in Medicine image format.  

The CT scans were used to build the preliminary model of the C2 through C7 

cervical vertebrae. Each cervical vertebra was created one at a time using volume 

rendering and segmentation editing in 3D Slicer®. In Figure 2.1, an x-ray image from the 

CT scans can be seen as an example. Each slice of the CT scans needed to be painted or 

filled in according to what was needed in that slice of the scan. This was based on 

fundamental cervical geometry for each vertebra and were represented by the dense, 

white portions of the scans that could be specified using 3D Slicer®. The top right 

portion of the user interface in Figure 2.1 was called the 3D view which could be used to 

visualize what each vertebra should look like in the end. The 3D geometries of each 

vertebra will be saved as a .STL file. 
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Figure 2.1. 3D Slicer® user interface 

 

The developed three-dimensional geometries of the cervical vertebrae from the 

CT scans would consist of irregularities such as spikes, holes, and bumps as can be seen 

in Figure 2.2. These preliminary geometries of the cervical vertebra would need to be 

further refined. 

Figure 2.2. Preliminary geometry of a vertebra: (a) Lateral view of a cervical vertebra, (b) 

Bottom view of a cervical vertebra, (c) Top view of a cervical vertebra 

 

(a)                                                 (b)                                                        (c) 
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2.2 REFINEMENT OF PRELIMINARY MODEL 

To remove irregularities such as spikes, holes, and bumps found in the 

preliminary models of the cervical vertebrae, a smoothing process was conducted in the 

three-dimensional modeling software called Blender®. In this smoothing process, all 

unwanted parts of the initial geometry would be fixed whether that be through flattening 

spikes, filling in undesired holes, or smoothing the overall surface of the vertebral 

geometry. The final three-dimensional geometry can be seen in Figure 2.3. This geometry 

was saved as an .STL file.  

Figure 2.3. Final cervical geometry refined in Blender® 

 

2.3 MESH 

The next step in the model development process was meshing the cervical model. 

The creation of the mesh was done in IA-FEMesh® using a multiblock mesh technique 
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(del Palomar et al., 2008). The multiblock mesh technique consisted of creating three-

dimensional blocks around each vertebral geometry to allow more control over the 

number of divisions for the mesh for a particular section of the vertebral geometry. One 

multiblock geometry can be seen in Figure 2.4 and the final mesh for all cervical 

vertebrae can be seen in Figure 2.5. It should be noted that a hexagonal block shape was 

needed at the location intervertebral discs will be connected to the cervical vertebra to 

match the mesh of the endplates and intervertebral discs that will be eventually 

constructed. 

Figure 2.4. Multiblock meshing technique for a cervical vertebra 
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Figure 2.5. Final mesh for cervical spine model 

 

2.4 DEFINING COMPONENTS OF THE CERVICAL MODEL 

 The last step in developing the FEM female cervical spine model was to define all 

components of the cervical spine. This was done in a software called LS-DYNA 

Prepost®. The first components defined were the vertebral bodies. The vertebrae of the 

cervical spine provide support for the weight of the head, protects the spinal cord, and 

allows ROM (Cleveland Clinic, n.d.). The vertebral bodies of the cervical are made of the 

cortical bone, the cancellous core, and the posterior bony structure. In LS-DYNA®, the 

cortical bone was modeled as a two-dimensional shell element that surrounded the 

cancellous bone. The cancellous and posterior bone components were modeled as three-

dimensional 8-node elements (Deng et al., 1999; Fice et al., 2011; Iwamoto et al., 2012; 
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Li et al., 2021; J. Mordaka & Gentle, 2003; Östh et al., 2016; Panzer et al., 2011; 

Torlincasi & Waseem, 2019). The vertebral components of the cervical can be seen in 

Figure 2.6. 

Figure 2.6. Cervical vertebrae components: (a) Section view of cortical bone, (b) Cancellous 

bones of cervical, (c) Posterior bones of cervical 

 

(a)                                                 (b)                                                        (c) 

 Intervertebral discs are shock absorber cushions located between the vertebrae of the 

cervical spine. These discs allow a person to flex and rotate the head more easily 

(Cleveland Clinic, n.d.). The intervertebral discs are formed between two adjacent 

vertebrae. The vertebral surfaces of the two segments were merged to form the body of 

the discs. An example of this can be seen in Figure 2.7 showing the C7 vertebrae with an 

attached disc.  
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Figure 2.7. C7 with intervertebral disc 

 

All intervertebral discs are made up of the nucleus, the endplates, an annulus 

ground, and an annulus fibrosus. The nucleus is located at the center of a disc and makes 

up about 40% of the total volume (Wagner et al., 2017). The endplates are the top and 

bottom layers of a disc. The annulus ground is all other elements of a disc that are not the 

nucleus and endplates. The annulus fibrosus is developed by creating concentric two-

dimensional shell elements that are between annulus ground layers (Deng et al., 1999; 

Fice et al., 2011; Iwamoto et al., 2012; Li et al., 2021; J. Mordaka & Gentle, 2003; Östh 

et al., 2016; Panzer et al., 2011; Torlincasi & Waseem, 2019). These intervertebral disc 

components can be found in Figure 2.8. 

Figure 2.8. Intervertebral disc components: (a) Nucleus and endplate components of an 

intervertebral disc, (b) Annulus ground component of an intervertebral disc, (c) Annulus fibrosus 

component of an intervertebral disc, (d) All components of an intervertebral disc 

 
(a)                                                                 (b) 
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Figure 2.8. Continued 

 

 

 

 

(c)                                                                  (d) 

 Ligaments in the cervical spine connect vertebrae together to maintain stability 

(Cleveland Clinic, n.d.). There are five major ligaments in the cervical spine structure. 

The ligaments include the anterior longitudinal ligaments (ALL), posterior longitudinal 

ligaments (PLL), ligamentum flavum (LF), interspinous ligaments (ISL), and the capsular 

ligaments (CL) (Panzer et al., 2011; Wheeldon et al., 2006). 2-node cable elements were 

used to create these ligaments and only allowed tensile loads. The ALL and PLL were 

located on the anterior and posterior of the vertebral body and can be found in Figure 

2.9a as the red and blue lines, respectively. The LF connected the internal surfaces of the 

posterior bone components (Figure 2.9b). The ISL connected the spinous processes at the 

back of the vertebrae, and the CL connected the facet joints (Figure 2.9c) (Deng et al., 

1999; Fice et al., 2011; Iwamoto et al., 2012; Li et al., 2021; J. Mordaka & Gentle, 2003; 

Östh et al., 2016; Panzer et al., 2011; Torlincasi & Waseem, 2019). Figure 2.10 displays 

the final female FEM cervical spine model. 
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Figure 2.9. Ligament components: (a) ALL and PLL, (b) LF, (c) ISL and CL 

 

(b)                                                 (b)                                                        (c) 

Figure 2.10. Final female cervical spine model 

 



Texas Tech University, Brittany Love, August 2022 

 

27 

2.5 BOUNDARY AND LOADING CONDITIONS 

This model was created to have the C2 vertebra be the load part for all 

applications. In the validation and impact simulation, pure moments were applied at the 

top surface of the odontoid process of the C2 vertebra and were measured for ROM 

including flexion-extension, lateral bending, and axial rotation. The boundary conditions 

for this cervical model were that all nodes at the bottom surface of the C7 vertebra were 

fixed in all degrees of freedom. Additionally, no compressive gravitational force was 

applied in the validation or simulation due to its low value compared to the ROM 

contribution. Therefore, it was considered negligible (Cai et al., 2020). The analyses for 

the validation and simulation were ran in LS-DYNA® using the High-Performance 

Computing Center (HPCC) (server: Quanah, benchmark performance: 485 TFLOPS, 

total cores: 16,812) at Texas Tech University.   
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CHAPTER III 

MODEL VALIDATION 

A collaborative validation study was conducted in which a main contributor was 

Shadman Tahmid using the model in this thesis and four other similar models. A mesh 

and material sensitivity test was conducted as well as a quasi-static loading model 

validation that sought to compare the joint ROM between the five developed model and 

results from literature (Erbulut et al., 2014; Ha, 2006; Nightingale et al., 2007; Panjabi et 

al., 2001; Panzer et al., 2011; Traynelis et al., 1993; Wheeldon et al., 2006, 2008).  

The mesh sensitivity analysis was done to justify the reasoning behind selecting 

the number of elements in the FEM models. Three mesh resolutions of a model were 

created which included coarse, medium, and fine meshes. These mesh resolutions were 

simulated under flexion using a 1 Nm moment. The medium mesh resolution was 

considered converged because the percentage difference in the intervertebral rotation 

between the medium and fine mesh was less than 10%. Therefore, the medium mesh was 

applied to the model (Schmidt et al., 2012; Womack et al., 2011). 

A material sensitivity analysis was also conducted on a model that was simulating 

flexion-extension loading. The material properties applied to the FEM models for the 

validation were based on an experiment by Wheeldon et al. (2006). The cortical bone, 

cancellous bones, posterior bones, endplates, and annulus fibrosus were modeled as 

isotropic linear elastic materials. The nucleus of the intervertebral disc was modeled as an 

incompressible fluid material. The ligaments had highly non-linear behavior, so non-

linear stress-strain curves were used to model the ligaments with correct cross-sectional 
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area (Wheeldon et al., 2006). C2 was the load part in this study so was modeled as a rigid 

body. The details on the material properties used for validation can be found in Table 3.1. 

Table 3.1. Material properties for validation study 

Cervical  

Component 

Part Modulus of  

Elasticity 

(MPa) 

Poisson’s  

Ratio 

Cross-sectional  

Area (mm2) 

Vertebrae Cortical 

Cancellous 

Posterior 

10,000 

450 

3,500 

0.30 

0.25 

0.25 

N/A 

Intervertebral  

Discs 

Annulus Ground 

Annulus Fibrosus 

Nucleus 

4.2 

450 

1 

0.45 

0.30 

0.49 

N/A 

Ligaments ALL 

PLL 

CL 

ISL 

LF 

Nonlinear 

stress-strain for 

all 

N/A 6.1 

5.4 

46.6 

13.1 

50.1 

 

The material sensitivity test was performed on the linear hard and soft tissues of 

the model which were the vertebral and intervertebral disc components, respectively. 

Each group of tissues’ moduli of elasticity was varied by +/- 25% while the other 

remained at the base values. The intervertebral disc rotations were measured and 

compared to the base values, lower material values, and the higher material values. The 

C6-C7 motion segment was found to be most sensitive to elastic modulus change in hard 

and soft tissues (Xu et al., 2017). 

The purpose of the model validation in this study was to compare individual joint 

ROM between the models with results from literature using the mean and standard 
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deviations from different loading conditions (Erbulut et al., 2014; Ha, 2006; Nightingale 

et al., 2007; Panjabi et al., 2001; Panzer et al., 2011; Traynelis et al., 1993; Wheeldon et 

al., 2006, 2008). The ROM conditions being considered included flexion-extension, 

lateral bending, and axial rotation. These ROM were simulated by applying a pure 

moment to C2. For flexion-extension, the moment applied was between 0 to 2 Nm and 

was varied in 0.5 Nm increments. The results showed that there was asymmetry in the 

flexion and extension values and when the moment increased, the angle of rotation 

increased. These results were within the corridors of literature. For lateral bending and 

axial rotation, a fixed load of +/- 1 Nm was applied to the models. The sum of the ROM 

for left and right lateral bending displacements showed that C2-C3 and C3-C4 had a 

smaller ROM compared to the other motion segments. For the axial rotation, the smallest 

range of motion was at C3-C4 and the largest at C6-C7. Intervertebral disc pressure was 

also measured due to the importance of the discs to withstand loads and absorb shock. 

The simulated disc pressures were compared with literature (Cai et al., 2020). The results 

for the disc pressures concluded that the intradiscal pressures varied greatly between the 

five models. 
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CHAPTER IV 

REAR-END IMPACT SIMULATION 

4.1 PROCEDURE 

To study the biomechanical response of the female cervical spine in a rear-end 

vehicular collision, a simulation was conducted based on a study by Teo et al. (2005). In 

this study, an FEM analysis of head-neck responses during whiplash was performed in a 

20 mile/hour rear-end crash over 100 milliseconds. Table 4.1 summarizes the differences 

between this thesis study and Teo et al. (2005).  

Table 4.1. Comparison of Teo et al. (2005) and thesis parameters 

Teo et al. (2005) Thesis  

Simulated 20 mph rear-end collision – 

8.5G peak acceleration with onset of 170 

G/s for 100 ms followed by deceleration 

to 200 ms 

Simulated 20 mph rear-end collision - 

8.5G peak acceleration with onset of 170 

G/s for 100 ms only 

68-year-old male 58-year-old female 

Ligamentous C0-C7 vertebrae and head 

model using flexible digitizer  

Ligamentous C2-C7 model using CT 

scans; accounted for head in calculations  

Applied horizontal acceleration to inferior 

surface of C7 with head fixed  

Applied equivalent moment to C2 with C7 

fixed 

 

Both Teo et al. (2005) and this study simulated the same conditions to investigate 

whiplash injury. Both simulated a 20 mile/hour rear-end collision using all or part of the 

input acceleration that can be seen in Figure 4.1. Due to computational power available, 

the simulation for this thesis simulated the first 100 milliseconds of the input acceleration 

to investigate the hypothesized hyperextension injury mechanism that occurs in the 

beginning of whiplash (J. Mordaka & Gentle, 2003; J. K. Mordaka, 2004; Panjabi et al., 

1998; Teo et al., 2005; Zhang et al., 2011).  
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Figure 4.1. Input acceleration from Teo et al. (2005) 

 

 

Similar methods were used to develop the models found in Teo et al. (2005) and 

this thesis by employing subject-specific geometric data. However, the model in Teo et 

al. (2005) was based on a 68-year-old male cadaver specimen and the model used for this 

thesis was based on CT scans of a 58-year-old female. Recall, an objective of this study 

was to investigate the differences in biomechanical response in whiplash between males 

and females. This was accomplished through these differences in model development.  

The Teo et al. (2005) model consists of the C0 through C7 vertebrae, the head, 

intervertebral discs, ligaments, and muscle groups associated with the cervical spine. 

Mass elements were added to nodes on the mid-sagittal plane of the head model to 

simulate the subject’s head mass and moment of inertia. The model developed in this 

thesis included the C2 through C7 vertebrae, intervertebral discs, and ligaments and does 

not include a head model or other musculature. However, the head was accounted for in 

loading conditions for the study and will be discussed in detail later (Östh et al., 2017; 
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Panjabi et al., 1998; Teo et al., 2005). Because limited vertebral deformation occurs in 

rear-end impact inertial loading and to further simplify the simulation and reduce 

simulation time, all vertebral parts were modeled as rigid bodies for the rear impact 

simulation (Fice & Cronin, 2012; B. D. Stemper et al., 2004). 

To simulate the 20 mile/hour rear-end collision, a pure moment was applied to the 

C2 vertebra while C7 was fixed in all degrees of freedom to model whiplash movement. 

The moment applied to C2 accounted for the head and input acceleration while C7 was 

fixed to simulate the fixed seated position of a person in a car in a rear-end collision. A 

load curve was created in LS-DYNA® (Figure 4.2) that would vary the moment applied 

based on the input acceleration from Teo et al. (2005) (Figure 4.1) and accounting for the 

effects of the female subject’s head. The y-axis values represent the ratio of the peak 

acceleration, 8.5 G, to the other non-zero acceleration values over 100 milliseconds.  

Figure 4.2. Load curve for 20 mph rear-end collision 

 

Next, the maximum moment was calculated to input as the value that will be 

varied according to the load curve in Figure 4.2. The maximum point on the curve would 
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be the maximum moment at 50 milliseconds. Equation 2 shows how to calculate the 

maximum moment that was applied to C2, where Ftotal is the total force applied to the 

head due to the maximum acceleration and d is the moment arm from the center of mass 

(COM) of the head to the center of the load part, C2.  

𝑀𝑚𝑎𝑥 = 𝐹𝑡𝑜𝑡𝑎𝑙  𝑋 𝑑                   (2) 

The first component needed to calculate the maximum moment is the total force 

applied at the head from the rear-end collision. A simple free body diagram can be 

created for this scenario (Figure 4.3). Head and neck components, front and back 

direction, and the global coordinate system were identified. 

Figure 4.3. Free Body Diagram for 20 mph rear-end collision 

 

Keeping Figure 4.3 in mind, the total force on the head from the maximum 

acceleration of the rear-end impact can be calculated using Equation 3, where mhead is the 

head mass of the female subject and amax is the maximum acceleration in m/s2. Using a 
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software called GBody®, the mass of the head could be deduced since the weight of the 

subject, 75 kilograms, was supplied by Guangzhou University of Chinese Medicine along 

with the CT scans and other data. The weight of the subject was inputted into GBody® 

and anthropometric data was extracted. Based on the 75-kilogram weight, the head mass 

was estimated to be 8.17 pounds or 3.71 kilograms. The metric system is used in LS-

DYNA®. 

𝐹𝑇𝑜𝑡𝑎𝑙 = 𝑚ℎ𝑒𝑎𝑑 𝑋 𝑎𝑚𝑎𝑥                      (3) 

The maximum acceleration could be calculated using Equation 4, where Gmax is 

the maximum G-force from the Teo et al. (2005) input acceleration and g is the 

gravitational constant.  

𝑎𝑚𝑎𝑥 = 𝐺𝑚𝑎𝑥  𝑋 𝑔                 (4) 

Plugging Equations 3 and 4 into Equation 2 resulted in Equation 5 below. 

𝑀𝑚𝑎𝑥 = (𝑚ℎ𝑒𝑎𝑑 𝑋 (𝐺𝑚𝑎𝑥 𝑋 𝑔)) 𝑋 𝑑               (5) 

To determine d, it needed to be established what the distance was from the COM 

of the head to the center of C2, the load part. The Dempster Anthropometric Table 

(Dempster, 1955) was used to help determine this moment arm. Table 4.2 displays the 

head segment data extracted from the Dempster Anthropometric Table. The definition of 

the head segment was the distance from C7-T1 to the ear canal. Because there is no T1 

segment in this model, I will be defining the endpoints of the head segment as the center 

of C7 to the ear canal. The COM location of the head from the proximal end, the end 

closest to the trunk, would be the length of the head times the ratio found in Table 4.2. 
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Because the ratio is one, the length from C7 to the ear canal will be the length of the head 

with the ear canal, located at the distal end, being the location of the COM of the head. 

Table 4.2. Anthropometric data of head-neck segment (Dempster, 1955) 

 

The length of the head was also found using GBody®. The estimated length of 

the head based on the weight of the subject was 7.434 inches or 188.8236 millimeters. 

This point located at the COM of the head measured from the center of C7 was plotted in 

LS-DYNA®. To plot this point correctly, a local coordinate system was made in LS-

DYNA® with the origin being located at the center of C7 and the z-axis going through 

the center of C2. The z-axis was the only axis in the local coordinate system that needed 

to be aligned properly to find the correct moment arm value. Figure 4.4 illustrates this 

step. 

 

 

 

 

 

 

 

 

 

 

 

 

Segment Name 
Endpoints 

(Proximal to Distal) 

Center of 

Mass/Segment 

Length - Proximal 

Center of 

Mass/Segment 

Length - Distal 

Head C7-T1 to ear canal 1 0 
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Figure 4.4. Local coordinate system displaying alignment of z-axis 

 

Using the local coordinate system, the COM of the head was plotted at (0, 0, 

188.8236 mm). Since the moment arm, d, is the distance from the COM of the head to the 

center of C2, the location of the center of C2 was also plotted using statistical information 

found in LS-DYNA®. The length between these two points were measured and was used 

as the value for d in millimeters (Figure 4.5).  
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Figure 4.5. Moment arm distance, d 

 

Now that all values needed in Equation 5 were found, the maximum moment was 

calculated and entered into LS-DYNA® for the loading condition. 

𝑀𝑚𝑎𝑥 = (3.71 𝑘𝑔 𝑋 (8.5 𝐺 𝑋 9.81 𝑚

𝑠2)) 𝑋 138.435 𝑚𝑚 = 42778.1142 𝑁𝑚𝑚         (6) 

Because hyperextension was the injury mechanism being evaluated, the maximum 

moment was entered as a negative moment going about the x-axis (Figure 4.6) (Carlsson, 

2012; Östh et al., 2017; B. D. Stemper et al., 2004; Teo et al., 2005). The simulation time 
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was 100 milliseconds with 10-millisecond time intervals between each output in LS-

DYNA®. 

Figure 4.6. Full model with respect to global coordinate system 

 

4.2 RESULTS 

In Teo et al. (2005), flexion-extension rotational angles of each motion segment 

were measured and compared to the physiological limits for a male. For this thesis, the 

same measurements were taken but of the female FEM model developed. Because 

hyperextension has been one of the most proposed injury mechanisms for WAD, this was 

what was evaluated in this study. Hyperextension occurs when the neck and head rotate 

backwards in a rear-end collision and exceed the physiological parameters of extension 

ROM (Chen et al., 2009; J. Mordaka & Gentle, 2003; Panjabi et al., 1998; Teo et al., 

2005; Zhang et al., 2011). Additionally, it has been noted in literature that the lower 
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vertebral segments, C4 through C7, extend and rotate earlier than the upper vertebral 

segments causing them to sustain greater amounts of stress and to have higher extension 

values causing hyperextension injury (Cervical Spine Injury Mechanism of Whiplash, 

n.d.; Teo et al., 2005). Therefore, the C4 through C7 motion segments will be evaluated 

for hyperextension injury in the female cervical model. 

Using the data collection methods employed by Teo et al. (2005), the rear-end 

whiplash simulation was ran for 100 milliseconds and extension rotational angles were 

measured between C4-C5, C5-C6, and C6-C7 motion segments at the peak acceleration 

time, 50 milliseconds (Figure 4.7). The values from Teo et al. (2005) and this study were 

compared.  

Figure 4.7. Peak extension rotational angles for C4-C7 motion segments 
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Figure 4.7. Continued  

 

 

The peak extension angles for the female model were higher for both the C4-C5 

and C5-C6 motion segments while the male model from Teo et al. (2005) was higher in 

the C6-C7 motion segment. It could be assumed that the C6-C7 segment was the only 

segment that was higher than the female model due to this being the location the input 
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acceleration was applied for the Teo et al. (2005) model. Comparing the extension angles 

of the female model with physiological limits in Table 4.3, all three motion segments’ 

extension values exceeded physiological limits by a factor of 2 or more indicating 

whiplash injury through hyperextension. The physiological limits found in Table 4.3 

were derived using Osth et al. (2016). In this study, physiological flexion-extension ROM 

for a female cervical spine model and a 50th percentile male model were determined by 

loading these models with a 1 Nm load (Östh et al., 2016).  

Table 4.3. Physiological extension angle limits (Östh et al., 2016) 

Physiological Extension ROM Limits (deg) 

Motion Segment C4-C5 C5-C6 C6-C7 

Male -5.0 -5.5 -4.0 

Female -7.0 -7.5 -6.5 

 

It has been found in literature that female car occupants incur more risk of 

whiplash injury compared to male occupants. This can be concluded from studies that 

show women having higher rotational angles in car crashes (Bose et al., 2011; Carlsson, 

2012; Corrales & Cronin, 2021; J. Mordaka & Gentle, 2003; J. K. Mordaka, 2004; Östh 

et al., 2017). While the reasoning for this has not been fully determined, it has been 

hypothesized that the primary reason is due to the anatomical differences between the 

sexes. Women on average have smaller body dimensions than men in all areas except for 

hip breadth. Women have a smaller body height, weight, and neck measurements while 

having greater head mass to body mass ratio. With a larger head mass to body mass ratio, 

it has been hypothesized one of the reasons females incur whiplash injuries more often is 
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because of the higher head COM acceleration in car crashes leading to higher extension 

angles (J. Mordaka & Gentle, 2003; J. K. Mordaka, 2004). Female neck muscles have 

also been reported to have lower strength than a male’s potentially further contributing to 

the risk of whiplash injury (Carlsson, 2012; Panjabi et al., 2001; Vasavada et al., 2008). 

The results of the rear-end impact whiplash simulation for the female model can further 

confirm that women are at a higher risk of whiplash injury due to higher extension angles 

of rotation at peak acceleration.  
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CHAPTER V 

CONCLUSION AND FUTURE WORK 

In this thesis, a FEM female cervical spine model was developed, validated, and 

used to evaluate whiplash injury in a rear-end whiplash-associated vehicular collision. A 

simulation was run on the FEM model to simulate a 20 mile/hour rear-end collision over 

100 milliseconds. Hyperextension in whiplash motion was assessed. The results were 

compared with the male cervical spine model in Teo et al. (2005) and differences in the 

hyperextension whiplash injury mechanism were evaluated. Through the results, it was 

illustrated that females have a higher risk of whiplash injury than males because of the 

higher extension rotational angles in the majority of the lower cervical segments that 

greatly exceeded physiological values. Reasonings for the differences in extension values 

between the two sexes were considered as well as the reasonings females have a higher 

risk of whiplash injury compared to males. 

Currently, there is limited available data on females in whiplash-associated 

impacts. This is exacerbated by the lack of anatomical and physiological data available 

for women including ROM values and other physiological and biomechanical data. Most 

of the studies that are about whiplash injuries consist of mixed gender or male only 

subjects (Cormarkovic & Hasler, 2006; Fice & Cronin, 2012; B. D. Stemper et al., 2004; 

Teo et al., 2005; Wheeldon et al., 2008). Furthermore, there has yet to be a systematic 

approach to determine risk of injury based on demographics like sex. This can make it 

difficult to compare results and clearly determine factors that can increase whiplash 

injury in different sexes. Despite the fact that it has been recorded in numerous studies 

that females are more susceptible to whiplash injury, there is still a lack of computational 
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or experimental female cervical and head-neck models (J. Mordaka & Gentle, 2003; J. K. 

Mordaka, 2004). 

This thesis contributed meaningful data towards FEM modeling of the female 

cervical spine using female-specific geometries. It also aided in increasing the 

understanding of physiological and biomechanical responses of females in whiplash-

associated rear-end vehicular impacts. This thesis compared the differences between the 

sexes in these responses by analyzing the hyperextension injury mechanism associated 

with whiplash further contributing to a detailed analysis of whiplash injury risk for 

females. 

Sex factors must not be neglected due to their complex nature and significant 

influence on higher risk of injury. To provide a better tool that can be used to develop 

more inclusive and effective automotive protective systems and that can increase 

understanding of injury mechanisms for females, more computational and experimental 

studies on women in car accidents is needed. Furthermore, FEM models that incorporate 

sex characteristics are required to better evaluate the effects of sex in crashes in terms of 

anatomy, physiology, and biomechanical responses.  
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