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Abstract 
Child head injury is a very costly problem, both in terms of morbidity/mortality 

and direct medical costs.  In fact, it is the leading cause of death and disability for those 

in the United States under age 18-years-old.  Currently, head injury in children ages 

newborn to 19-years-old is responsible for 7500 deaths per year—30% of all childhood 

deaths in the United States.  Given its importance and effect on the population, the study 

of pediatric head injury is greatly hindered by the lack of available pediatric post mortem 

human specimen (PMHS) data.  As a substitute for PMHS testing, anthropometric test 

devices (ATDs) and finite element models (FEMs) have been developed to model the 

head.  However, there is a dearth of data for the design and validation of these models.    

 The goal of this study was to use pediatric PMHSs to both advance the study of 

pediatric head injury and to provide validation data for ATD and finite element head 

models.  14 pediatric heads, 8 adult heads, and 6 ATD heads were studied to obtain 

geometrical, inertial, structural stiffness, and impact properties.  The computational 

tomography (CT) method was used on pediatric heads to get inertial properties, and 

clinical CT scans were used to develop average head and skull contours for 12 different 

age groups.  To obtain impact properties, the heads were dropped onto a rigid plate from 

15cm and 30cm, and the acceleration-time pulses were analyzed to obtain acceleration 

HIC and other impact properties.  The heads were then placed between two aluminum 

plates and compressed at four different rates to obtain structural stiffness values.   Using 

the PMHS results, the ATD heads were compared against age-matched human heads.   
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 The study found that between the ages of 5-months-old and 22-months-old, the 

human head was susceptible to fracture from drops as low as 15cm.  The structural 

stiffness of the human head was shown to increase by three orders of magnitude from 

neonate to adult.   For the impact properties, the human head’s peak acceleration and 

head injury criteria increased with age, while the human head’s pulse duration and 

coefficient of restitution decreased with age.  The 50
th

 percentile Hybrid III head was 

found to adequately model the response of the adult head for multiple head impact 

locations, while the 3-year-old Q3 child ATD was found to be too stiff during impact.  

Overall, this study provides novel data that can be directly applied to pediatric head 

injury curves, and pediatric ATD and finite element head models.   
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Chapter 1:  Specific Aims and Hypotheses 
Given its importance and effect on the population, the study of pediatric head 

injury is greatly hindered by the lack of available pediatric post mortem human specimen 

(PMHS) data (Prange et al. 2004).  Alternative  test devices, such as child anthropometric 

test devices (ATDs) and finite element models (FEMs), are being used to advance the 

study of child head injury (Melvin 1995; Irwin and Mertz 1997; Klinich et al. 2002).  

Unfortunately, the development of these tools and the understanding of their results 

suffer from the same limitation of a lack of available data (Melvin 1995; Irwin and Mertz 

1997; Margulies and Thibault 2000; Klinich et al. 2002).    

To improve the understanding of child head biomechanics, a four-step research 

approach will be taken, including: the development of original data, the testing of 

theories, the testing current models for accuracy, and the development of thresholds and 

tolerances for pediatric head injury.  This dissertation will touch on all four areas (Figure 

1-1).  Original data will be collected through whole head testing, while scaling rules for 

estimating pediatric properties will be tested.  Improvements for the shape and impact 

properties of the ATDs will be recommended; lastly, a novel analysis of the fracture 

properties of the pediatric head will be performed.  The objectives of this study are:  

1. To determine child head structural and impact properties that will assist in 

evaluating and designing child ATDs.   

2. To determine child head inertial properties that will assist in designing child 

ATDs.   
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3. To derive pediatric head and skull contours from medical imaging datasets for 

various ages that will assist in the development of more geometrically 

accurate pediatric head FEMs and pediatric ATD heads. 

4. To provide head impact and compression validation datasets for the 

development of more accurate child FEMs and ATDs.  

5. To evaluate the geometrical and impact properties of the current ATDs to test 

the predictive value of the current ATD impact properties and the accuracy of 

the current ATD head shapes. 

6. To develop analytical models of pediatric and adult heads in impact.  

7. To test and develop injury risk curves that can be used for predicting injury 

and non-injury thresholds of the human head.   

The following null hypotheses will be tested: 

1. The stiffness of the human head increases with age.   

2. Head impact mechanics are governed by the local contact stiffness and not the 

structural stiffness of the head. 

3. The structural stiffnesses of ATDs are statistically the same as the structural 

stiffnesses of age-matched human heads.   

4. Pediatric and adult heads can be accurately modeled with analytical models.   

5. The pediatric head can sustain falls of 30cm or less without sustaining a skull 

fracture.   
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6. The current child ATD head contours correctly represent the contours of age-

matched human heads.   
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Figure 1-1:  Flow chart detailing how the proposed data will improve the study of pediatric head 

injury.   
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Chapter 2:  The Prevalence of Child Head Injury 

and the Limitations of Current Head Injury Tools 
2.1 Prevalence of Child head Injury  

Child head injury is a very costly problem both in terms of morbidity/mortality 

and direct medical costs;  in fact, it is the leading cause of death and disability for those in 

the United States under age 18-years-old (CDC 1990).  Overall, traumatic brain injury 

causes 1.1 million trips to the hospital each year, with 235,000 of these injuries requiring 

admissions (Langlois et al. 2006).  For children between the ages of newborn and 14-

years-old, traumatic brain injury results in 435,000 emergency room visits and 37,000 

hospitalizations, while for teenagers between the ages of 15 and 19-years-old, traumatic 

brain injury results in 129,000 emergency room visits and 25,000 hospitalizations 

(Langlois et al. 2006).  In fact, head injury in children ages newborn to 19-year-old is 

responsible for 7500 deaths per year—30% of all childhood deaths in the United States 

(Kraus et al. 1990; James 1999; Langlois et al. 2006).  Moreover, permanent disabilities 

from injuries -- mostly of the head or neck -- affect approximately 30,000 children per 

year.   Financially, the cost of child head injury is reported to exceed $10 billion annually, 

including $1 billion in inpatient charges (Ommaya et al. 2002; Schneier et al. 2006).   

The leading cause of injury death and serious injury for children 18-years-old and 

younger are motor vehicle crashes (MVCs).  In children, MVC deaths rank as the 14
th

 

leading cause of death for children newborn to 4-years-old, and the rankings jump to 2
nd

 

and 1
st
 for children 5 to 14-years-old and 15 to 18-years-old, respectively (WHO 2004; 
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WHO 2009a).  For the population in general, MVCs are the 9
th

 leading cause of death 

worldwide and are projected to become the 5
th

 leading cause of death in the next twenty 

years (WHO 2009b).  Analysis of the National Trauma Data Bank shows that for children 

involved in MVCs, the most frequently injured body part is the head (ACS 2009).  For 

children ages newborn to 4-years-old, approximately 20% of all head traumas are due to 

MVCs, and this percentage steadily increases as the age range increases, peaking at more 

than 66% of all head traumas for adolescents in the United States (Adelson and Kochanek 

1998).  Moreover, these numbers tend to be higher in countries besides the United States 

that have not adopted more recent safety standards, such as in China, where less than 

0.1% of the children ages newborn to 8-years-old use car seats (Routley et al. 2008).   

Other major causes of childhood head trauma are sports and falls.  There are an 

estimated 1.6-3.8 million head injuries due to sports each year, with over 65% of them 

occurring in children between the ages of 5 to 18-years-old (Gilchrist et al. 2007; 

McDonell 2010).  Annually, the sports with the highest incidences of head injuries are 

hockey, soccer, football and basketball (Gilchrist et al. 2007).  For falls, the highest 

numbers of head injuries are experienced in playground activities (Guskiewicz et al. 

2000; Gilchrist et al. 2007; Bakhos et al. 2010).  Adolescents (10 to 14-years-old) have 

the highest rate of head injury caused by sports, while the highest rate of head injury in 

the very young (infants and toddlers) is due to falls (Adelson and Kochanek 1998; Willer 

et al. 2004; Gilchrist et al. 2007).  A common type of head injury experienced in child is 

a concussion.  However, the lack of classic clinical signs in the event of a concussion can 
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often result in missing the diagnosis and recognition of a head injury.  It is estimated that 

only a third of children that suffer a concussion visit a doctor and only between 6%-13% 

of all traumatic brain injury victims obtain medical services (Gilchrist et al. 2007).    

 The last major cause of child head injury is intentional head injury, or child abuse. 

Children under 4-years-old are the most common victim of this type of trauma (Adelson 

and Kochanek 1998).  When a child head injury is caused by abuse, the death rate is 

between 15% and 35%, and the chances of long-term injury are 50% to 78% (Whitwell 

2010).  The abuse injury rates have been reported as high as 24.6 and 26 per 100,000 for 

1-year-olds and younger in the United Kingdom and United States, respectively.  

However, these numbers must be taken with caution, as the exact occurrence rate is hard 

to determine in abuse cases because it is difficult to properly distinguish accidental fall 

injuries from child abuse injuries (Duhaime 2008; Kesler et al. 2008; Whitwell 2010).  

Basic questions such as ‘at what heights can a child fall without sustaining head injury?’ 

are still unanswered (Plunkett 2001; Coats and Margulies 2008; Whitwell 2010).  Even 

the cause of the well-documented shaken baby syndrome is still unknown—it has not 

been definitely determined whether the injuries can be caused from impacts or from 

shaking of a child (Caffey 1972; Caffey 1974; Duhaime et al. 1987; Prange and Myers 

2003; Whitwell 2010). 

2.2 Current Tools Used to Study Pediatric Head Injuries  

One important tool in biomechanics for investigating injuries is the use of 

postmortem human specimens (PMHSs); however, pediatric PMHSs have limited 
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availability (Prange et al. 2004).  As a result, researchers have developed different 

techniques to study pediatric head injuries.  For example, volunteers have been used as an 

alternative to PMHSs, however volunteer studies are limited to providing only 

anthropometric data, such as mass and anatomical measurements (Weber et al. 1985).  

Since volunteers are only allowed exposure to low forces that are not injurious, 

researchers are compelled to use physical and computational modeling to investigate 

child head injury. 

There are three general types of models that simulate the pediatric head injury 

process:  child anthropometry testing devices (ATDs), also known as child crash test 

dummies; theoretical and lumped mass analytical models; and pediatric finite element 

models (FEMs); theoretical and lumped mass analytical models.  Each of these tools 

provides a different method of evaluating injury (Irwin and Mertz 1997; Young 2003; 

Prange et al. 2004; Coats et al. 2007).   

Child ATDs are used to set and assess safety standards for vehicles and child 

restraint systems, and to simulate the pediatric head in falls or MVCs (FMCSA 1998; 

Van-Ee et al. 2009a; Van-Ee et al. 2009b). They were first developed in the 1970s using 

anthropometry and mass measurements and were used mostly to study the interaction of 

the child with airbags.  These dummies are considered a first step as they had limited use 

due to modeling inaccuracies (Wolanin and Mertz 1982; Humanetics 2010).  The first 

attempt to make biofidelic crash child test dummies occurred in 1987, by Dr. Richard 

Stalnaker and a Society of Automotive Engineers (SAE) subcommittee (Irwin and Mertz 
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1997).  Their objective was to develop accurate ATDs that had the “same level of 

biofidelity and measurement capacity as the Hybrid III dummy” (Mertz et al. 1989).  

SAE began developing child ATDs for ages 3, 6, and 10-years-old.  Later, three more 

dummies were added to study child restraint systems and airbag interactions; these 

dummies ranged in representative age from 6-months-old to 18-months-old and are 

known as Child Restraint Air Bag Interaction (CRABI) dummies (Irwin and Mertz 1997).  

 For the child ATD heads on these dummies, the geometrical standards are based 

upon anatomical length measurements from various child anthropometry studies and 

consensus agreement of the SAE task groups (Wolanin and Mertz 1982; Weber et al. 

1985; Schneider et al. 1986; Irwin and Mertz 1997; Mertz et al. 2001).  The child ATDs 

impact responses and inertial properties are based on scaling rules developed to scale 

down adult properties to child properties.  Scaling rules by Mertz were used to define the 

head masses and locations of the head CGs relative to the occipital condyles, and scaling 

rules by Melvin were used to set the impact response (Melvin 1995; Irwin and Mertz 

1997; Mertz et al. 2001). 

Finite element models have also been developed frequently for adult head impact 

responses, yet only sparingly for pediatric head impact responses (Zhang et al. 2001a; 

Coats 2007a; Rousseau et al. 2010).  FEMs allow the user to gain insight into the stresses 

and strains of both the external and internal tissues of the head due to impact and are used 

to study brain injury and concussions (Rousseau et al. 2010).  Pediatric FEMs were first 

used to study the low-rate biomechanics of the head during childbirth.  McPherson and 
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Kriewall studied the mechanism of molding of the infant head as it travels through the 

maternal birth canal (McPherson and Kriewall 1980).  Since the late 1990s, pediatric 

head models have been used to model child head injury.  Margulies was the first to 

provide pediatric data along with her model (Margulies and Thibault 2000), while 

Klinich was the first to compare the child crash test dummy to a FEM model (Klinich et 

al. 2002). 

Simple theoretical and lumped mass analytical models provide a method for 

estimating the impact response without the complexities of ATDs or finite element 

models (Young 2002; Young 2003; Prange et al. 2004).  Although these models cannot 

provide information such as stress and strain, they can provide estimates of the peak 

force, pulse duration, impact energy and injury criteria such as the head injury criteria 

(HIC) (Newman 1980).   In the past, analytical models have been used to model dynamic 

impact scenarios.  For example, Young used mathematics to model the head as a fluid-

filled shell to investigate the effects of skull thickness on impact response (Young 2003). 

 While each of these models provides useful information, they also each have 

fundamental shortcomings.  For the child ATDs, the scaling rules in which they are 

based--including inertial properties, impact response and geometric relationships--have 

not been validated against human data.  This makes the accuracy of the child ATDs’ 

shape, mass, center of gravity and impact response unknown.   

Likewise, all of the pediatric FEMs lack information to assess the accuracy of the 

model.  First, the geometries of the models are simplified versions of the pediatric head.  



 

 

11 

Either a hemispherical model was used or a single head was used to represent an entire 

age group (Margulies and Thibault 2000; Klinich et al. 2002). The effects of these 

geometric simplifications are unknown. Second, the models are based on very limited or 

nonexistent material properties.  For example, for head impact in pediatric ages, there is 

little biomechanical constitutive data on the properties of the pediatric suture and 

fontanelle -- there is only one study that has investigated human pediatric sutures and no 

studies on the fontanelle properties (Coats and Marguilies 2006).  Third, none of the 

models have biomechanical PMHS response data to provide validation (Klinich et al. 

2002).    

Simple theoretical or lumped mass models are also limited by the lack of pediatric 

head impact data (Prange et al. 2004).  Young showed that models could be used to 

perform parameter analysis, but full useful analytical  models are not possible without 

experimental data (Young 2003).  This problem has limited the models to produce usable 

information for only adult heads; there are currently no analytical models for pediatric 

heads 1 to 18-years-old (King and Chou 1976; Prange et al. 2004). 

Hence, there is a lot that is unknown about the pediatric head given the prevalence 

of pediatric head injury and there are numerous knowledge gaps in the data that make 

modeling the pediatric head challenging.  This dissertation will attempt to advance both 

shortcomings by answering some of the pertinent questions pertaining to pediatric head 

injury, while providing vital information that will fill in the knowledge gaps of the 

inertial, geometrical and mechanical properties of the pediatric head.   
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Chapter 3:  The Anatomy of the Pediatric Head 
3.1 Introduction 

The head plays a vital role in many of the major systems of the body, including 

the nervous, respiratory, hormonal control and sensory systems (Vander et al. 1998).  

This chapter focuses on the anatomy of the pediatric skull neurocranium, the pediatric 

sutures, and the cranial dura mater that covers the brain.  Additionally, the differences 

between the adult head and the pediatric head are explored.   

3.1.1 The Pediatric Skull 

The pediatric skull is composed of two major sections:  the neurocranium and the 

viscerocranium (Scheuer and Black 2004).  The neurocranium, also called the calvarium 

or cranial vault, is the superior portion of the head that contains the seven bone plates that 

protect the brain. These plates, from anterior to the posterior, include two frontal bones, 

two parietal bones and, in the posterior, one occipital bone (Figure 3-1).  The temporal 

bone and the sphenoid bone are also a part of the neurocranium; they help form the base 

of the skull and parts of lateral walls encapsulating the brain (Figure 3-2) (Scheuer and 

Black 2004).   

The viscerocranium is the anterior portion of the head that contains the face, the 

base of skull and mandible.  For a newborn, the plates of the neurocranium are loosely 

connected by fibrous intersections.  These intersections are called sutures when they join 

only two bones, and are called fontanelles when three or more bones are joined (Figure 3-

1) (Sinnatamby 2006).  The sutures and fontanelles allow the head to mold and deform 
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during child birth and allow for safe passage through the birth canal without damage to 

the mother (Lapeer and Prager 2001) (Figure 3-3).   

 
Figure 3-1:  Views of the newborn skull showing cranial plates, sutures and fontanelles.  The top left 

is an anterior view, the top right is a posterior view, while the bottom picture is a superior view.  The 

circled areas are the posterior and anterior fontanelles. 
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Figure 3-2:  Picture of the skull showing the location of the temporal bone (red) and the sphenoid 

bone (yellow).  The sphenoid and the temporal bones form portions of the base of skull (right) and 

the lateral walls (left) of the cranial cap.  Pictures used courtesy of Wikimedia Commons. 

 

 
Figure 3-3:  Figure showing pediatric head deformation during child birth.  The image on the left is 

the un-deformed infant head and the image on the right is the deformed infant head during 

childbirth (Lapeer and Prager 2001) .   

 

3.1.2 Pediatric Cranial Plates 

The most anterior bone plates are the frontal bones, which serve as a part of both 

the calvarium and the facial structure. They extend from the midline of the forehead to 
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the sides of the cranium (Figure 3-1 and Figure 3-2) (Agur and Lee 1991).  The lower 

portion of the frontal bone is part of the facial structure as it forms the bottom of the 

anterior cranial fossa and the ceiling of the orbits of the eyes (Scheuer and Black 2004). 

The “irregular bowl-shaped” frontal bones connect and articulate with the parietal bones, 

zygomatic bones, the maxillae, nasals and portions of the sphenoid bone (Scheuer and 

Black 2004).  The frontal bones articulate with each other through the metopic suture and 

the parietal bones at the coronal suture and anterior fontanelle (Agur and Lee 1991).   

The lateral aspects of the brain are protected by the right and left parietal bones, 

which form large parts of the calvarium wall (Figure 3-2) (Agur and Lee 1991).  These 

bones articulate with each other through the sagittal suture and articulate with the 

occipital and frontal bones through the lambdoid and coronal sutures, respectively 

(Scheuer and Black 2004).  The superior corners of the parietal bones connect with the 

two large fontanelles of the head:  the anterior and posterior fontanelles (Agur and Lee 

1991).  For adults, the parietal bones are composed of two outer layers of compact bone 

called tables and a middle layer comprised of cancellous bone (White and Folkens 1999).  

However, in the infant head, the parietal bone is a single layer of compact bone, which 

later grows into the tri-layer seen in the adult.    

The occiput covers the lower posterior portion of the head and extends into the 

base of the skull (Agur and Lee 1991).  Together with the parietal bones, it comprises the 

back of the head.  The occiput interacts with the parietal bones along the superolateral 

edges and the posterior fontanelle at the superior apex.  The  bottom portion of the 
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occiput interacts with portions of the sphenoid and temporal bones (Scheuer and Black 

2004).  Also, the occiput connects the head to the neck and allows articulation of the head 

on the occipital condyles (Figure 3-4).   

 
Figure 3-4:  Picture of the neonate showing the location of the occipital condyles which articulate 

with the neck.    

    

The temporal bone and the sphenoid bone comprise the smallest amount of area 

on the calvarium; both are part of base of the skull and the calvarium’s lateral walls 

(Figure 3-2).   The temporal bone is a “compound structure” meaning that it is composed 

of multiple sections:  the squama temporalis, the mastoid portion, the petrous portion and 

the tympanic part (Scheuer and Black 2004).  Aside from its role in the calvarium, it 

plays a role in the structure of the ear (Scheuer and Black 2000b).  The sphenoid bone 

lies in the center of the head and its two greater wings form part of the lateral walls of the 

calvarium (Scheuer and Black 2004).   

3.1.3 Pediatric Cranial Fontanelles 

The largest regions of soft tissue of the neonate skull are the anterior and posterior 

fontanelles.  The anterior fontanelle is located in the anterior of the pediatric head and 
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intersects both anterior corners of the parietal bones and the superior corners of the two 

frontal bones (Figure 3-1) (Agur and Lee 1991). Additionally, the anterior of the sagittal 

suture and the superior portions of the two coronal and metopic sutures terminate at the 

anterior fontanelle.  The posterior fontanelle forms the junction of the upper apex of the 

occipital bone and the posterior corners of the parietal bones as well as the lambdoid and 

sagittal sutures (Agur and Lee 1991).  Additional fontanelles include the posterolateral 

and anterolateral fontanelles, present in the lower segments of the pediatric head (Scheuer 

and Black 2004).  Properties of these fontanelles are not investigated in this study. 

3.1.4 Suture Definition and Role 

The suture of a neonate head is in an open or “soft” state, as opposed to when the 

sutures is closed and composed of solid bone.  This differentiation is important because 

the suture’s properties, behavior and age differ greatly when the suture is open as 

opposed to when the suture is closed.  A strict definition of the suture does not exist.  

Rengachary and Weprin described the suture as “syndesmoses of the cranial vault, in 

which fibrous tissue is interposed between bony surfaces” (Weprin and Rengachary 

1998).  Pritchard defined suture as the “entire complex of cellular and fibrous tissues 

intervening between, and surrounding, the definitive bone edges” (Pritchard et al. 1956).    

For this dissertation, a distinction will be drawn between the area surrounding the fibrous 

tissue of the suture and the fibrous tissue itself.  The terminology for this dissertation will 

be the following:   
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Suture:  the soft tissue that lies “between two approaching osseous 

territories, the embryonal dura mater and the pericranial membrane” 

(Markens 1975).  The suture is separate from the pericranium and dura 

mater (Markens and Taverne 1978; Smith and Tondury 1978; Markens and 

Oudhof 1980; Hinton et al. 1984; Ogle 2002).   

 Suture area:  the area that consists of “adjacent edges of the bones together 

with the soft tissues which separates them”(Moss 1958).  Here the soft 

tissue will consist of the dura mater, pericranium, and suture (Moss 1954; 

Pritchard et al. 1956; Moss 1958). 

One role of sutures is to provide a location of growth for the bone plates (Cohen 

2000).  The new bone is deposited within those joints to allow expansion of the bone 

plates, and will continue to be regions of growth until adulthood.  Later in life, the sutures 

serve to connect the bone plates together to make the skull a solid continuum (Agur and 

Lee 1991).  In addition, the sutures may act as dampers of forces to the skull during 

impact; theoretically to guard the brain from damage due to blunt impacts (Jaslow and 

Biewener 1995b; Herring 2000). 

There are four different sutures in the cranial cap:  the coronal, lambdoid, metopic 

and sagittal sutures.  The coronal sutures run vertically between the frontal bone and 

parietal bone on both sides of the head.  Likewise, the lambdoid suture connects the 

posterior edges of the parietal bones to the anterior edges of the occipital bone on both 

sides of the head (Figure 3-1) (Agur and Lee 1991).  Bones of these sutures do not meet 
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end to end, but instead overlap each other.  For this reason, both of these sutures are 

called overlapping or beveled sutures (Figure 3-5) (Cohen 2000).   

The metopic suture connects the two frontal bones together and is located in the 

center of the forehead.  The aptly named sagittal suture runs in the sagittal plane at the 

top of the pediatric head and links the right and left parietal bones.  These two sutures--

the metopic and sagittal--are midline sutures, but are also end-to-end sutures, meaning 

that the bones that they adjoin meet at their ends (Figure 3-5) (Cohen 2000).  Additional 

sutures include squamosal sutures that are present in the lower segments of the pediatric 

head (Scheuer and Black 2004).   

 
Figure 3-5:  Schematic of suture architecture.  The schematic on the left exemplifies the end-to-end 

suture architecture; the right demonstrates the overlapping or beveling suture architecture (Cohen 

2000).   

3.1.5 Dura mater 

Dura mater is the membrane of soft tissue that lies between the outside of the 

brain and the inside of the calvarium.  It is composed of two layers of fibers; the 

endosteal, sometimes called periosteal, and the meningeal (Figure 3-6).  The endosteal is 

the outermost layer that acts as the periosteum of the inner surface of the skull and 

connects with the periosteum that covers the outer surface of the skull.  This part of the 

dura mater is not continuous with the spinal dura mater and is composed mostly of 

collagen fibers and elastin fibers(van Noort et al. 1981; Moore and Dalley 2006).  

Conversely, the meningeal layer covers the brain and is continuous with the spinal dura 
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mater (Snell 2001).  Like the endosteal layer, the meningeal layer is comprised of 

collagen and elastin fibers (Figure 3-6).  Over most of the cranial cap, the two layers of 

dura mater are so tightly connected that “no sharp histological boundary between them 

can be found” (Nolte 1999); however, at the dural sinuses and dura reflections, the two 

layers deviate from each other (Moore and Dalley 2006).   

The dura mater sends dural reflections that divide the brain into different sections.  

There are four dural reflections:  the cerebral falx, the cerebellar tentorium, the cerebellar 

falx and the sellar diaphragm.  The cerebral falx is the largest and it partitions the brain 

into the right and left hemispheres.  The second largest is the cerebellar tentorium, which 

separates the occipital lobes into right and left halves.  The cerebellar falx and sellar 

diaphragm keep the brain from interacting with the skull base (Augustine 2008).   

Initially during development, the dura mater acts as the “guiding tissue in the 

morphogenesis of the calvarium and its major suture” (Smith and Tondury 1978).  In the 

prenatal head, the dura mater controls the location of the sutures and the shape of the 

calvarium (Smith and Tondury 1978; Opperman 2000).  As the individual ages, the dura 

mater’s roles change.  Its new role in older individuals is to join the skull and brain 

together, allowing them to move in unison.  The dura mater, along with the dural 

reflections, provides protection and mechanical strength to the brain.  These tissues, 

coupled with cerebrospinal fluid, prevent the brain from distorting in shape due to its own 

weight or any outside forces, and prevent the brain from making contact with the rigid 

interior of the skull. The mechanism by which this is accomplished is the presence of the 
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fluid and hence the provided buoyancy, which helps reduce forces seen by the brain 

(Nolte 1999).  

 

 
Figure 3-6:  Illustration of the dura mater encapsulating the brain and separating into two layers.  

The top picture shows the dura mater’s attachment to the inner layer of the cranial cap, and how the 

dura mater and pia mater separate the cranial bone from the brain.    The bottom image shows how 

cranial dura mater separates into two layers:  the endosteal, or periosteal, layer of the dura mater 

attaches to the inner part of the skull; while the meningeal layer covers the brain and extends into 

the spinal column.  These pictures were used with permission from Lippincott Williams & Wilkins 

(Moore and Dalley 2006).   
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3.1.6 Comparison of the infant and adult head  

The infant head is approximately 25% the volume of the adult head (Prange et al. 

2004) and has a mass of ~1 kg, while the 50
th

 percentile adult male head has a mass of 

~4.5 kg (Prasad et al. 1985; Prange et al. 2004).  However, the pediatric head is not 

simply a scaled adult head--the two heads have significant morphometric and anatomical 

differences.  The cranial cap as well as the brain it encapsulates are proportionally larger 

in the infant head than in the adult (Figure 3-7).  The infant’s basicranial template is also 

proportionally broader, while the face of the infant is proportionally smaller than that of 

an adult.  Even the bone plates show more curvature in the infant head than in the adult 

(Scheuer and Black 2000a; Scheuer and Black 2000c; Schaefer et al. 2009).  These 

differences in facial and basicranial size, along with bone curvature, make the infant head 

more spherical, progressing to a more oval shape for the adult head (Silau et al. 1995).   

Overall, the head height makes up 25% of the neonate’s total body height, compared to 

14% for the adult (Burdi et al. 1969; Prange et al. 2004).  On the other hand, the temporal 

and sphenoid bones are more prominent in the cranial cap of the adult head than the 

infant head.  These two bones comprise a larger percentage area of the calvarium in the 

adult when compared to the infant head (Scheuer and Black 2000c; Scheuer and Black 

2004).   
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Figure 3-7:  Comparison between a neonate head and an adult head. 

Anatomically, the pediatric and adult heads differ in both the structural 

arrangement of its bones and the manner by which the bone plates are connected.  The 

infant head has soft spots, due to the sutures and fontanelles, making the head pliable as 

described above.  The sutures between the bones are made of flexible collagen fibers and 

the bone itself is just one thin (~1mm thick) cortical table (Enlow 2000a).  In contrast, the 

adult head has suture joints that are rigidly connected by interdigitated bone, which 

makes the skull rigid and not easily deformable (Cohen 2000; Kuffel 2004b).  The 

fontanelle is absent with no identifiable trace in the adult (Cohen 2000; Schaefer et al. 

2009).  The adult skull bone is thick (>5mm), as it is comprised of a multi-layered 

structure containing an inner and outer table (Adeloye et al. 1975), while the pediatric 

cranial bone is thin and is a single layer of cortical bone.  These properties make the adult 

head structurally stiffer than the infant head (McElhaney 1970; McElhaney 1976; Prange 

et al. 2004; Yoganandan and Pintar 2004).   
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These important differences between the adult and infant head emphasize the 

need to evaluate the biomechanical behavior of the pediatric head.  These differences 

prevent a simple extrapolation of biomechanical properties, such as overall stiffness and 

impact response from the adult head to the pediatric head.   Likewise, the distinct 

morphologies of the adult and pediatric heads make it difficult to apply the mechanics of 

adult head injury to those of the pediatric head.  This dissertation will show how the 

differences in anatomy affect the head’s impact and structural properties.   
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Chapter 4:  Methodology Overview 
 This chapter is a general overview of the methods used in this study; detailed 

explanations of the methodology for individual investigations can be found in subsequent 

chapters.  The goal of this chapter is to provide a synopsis of each research step and an 

explanation of how all aspects of the research are tied together.  Owing to the rarity and 

value of pediatric specimens, the overall methodology was designed to acquire the 

maximum amount of information and data from each pediatric head.   

4.1.1 Specimens 

  Three sets of heads were used during this testing:  a collection of fresh-frozen, 

unembalmed pediatric heads of various ages; a collection of fresh-frozen, unembalmed 

adult heads; and a collection of child and adult anthropometric testing device (ATD) 

heads. A listing of the pediatric heads used in this study is given by Table 4-1. As shown, 

the pediatric heads ranged in age from 20-weeks-gestation to 18-years-old.  The adult and 

ATD specimens are listed in Table 4-2 and Table 4-3, respectively.  The adult specimens 

ranged in age from 53 to 67-years-old.   Six of the seven ATDs represented children from 

6-months-old to 10-years-old, while one ATD represented the 50th percentile adult male.  

The human heads (adult and pediatric) were obtained from nonprofit donor institutions 

including Duke University. 
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Table 4-1:  Pediatric specimens used in this research and the tests performed on each. 

Specimen ID Age Sex Race Cause of Death 
Dura 

Mater 
Testing 

Head 
Compression 
and Impact 

Testing 

CT 
Method 

Failure 
Drop 

P02F 
20-weeks-

gest. 
F Caucasian Heart failure No No No No 

P13F 
34-weeks-

gest. 
F Unknown Unknown No Yes Yes No 

P07M 
33-weeks-

gest. 
F Unknown Unknown No Yes Yes No 

P09M 
33-weeks-

gest. 
M Caucasian 

Fetal demise         
(abruptio 
placenta) 

No No No No 

P08M 
37.5-weeks-

gest. 
M Caucasian 

Pulmonary 
hypoplasia 

Yes Yes Yes No 

P05F 1-days-old F Caucasian 
Diaphragmatic 

hernia 
Yes Yes Yes No 

P03M 3-days-old M Caucasian 

Ischemic 
encephalopathy; 

cerebral 
infarction 

Yes Yes Yes No 

P06F 11-days-old F Black 

Non-immune 
hydrops fetalis;  

intercranial 
hemorrhage 

No Yes Yes No 

P04F 24-days-old F African 
Dandy Walker 

syndrome 
Yes Yes Yes No 

P12M 5-months-old M Black 
Respiratory 

failure 
Yes Yes Yes Yes 

P14M 9-months-old M Black 

Chronic 
obstructive 
plumonary 

disease 

Yes Yes Yes Yes 

P15F 
11-months-

old 
F Caucasian 

SIDS, renal 
failure 

Yes Yes Yes Yes 

P17F 
22-months-

old 
F Caucasian 

Non-hodgkins 
lymphoma 

No No Yes No 

P24F 6-years-old F Black 
Germ cell 

malignancy 
Yes Yes Yes No 

P19F 7-years-old F Caucasian Cerebral palsy  Yes Yes No No 

P18M 9-years-old M Black 

End stage renal 
disease; 

secondary:  
Hyperkalemia 

Yes Yes Yes Yes 

P21F 16-years-old F Caucasian Seizure disorder Yes No Yes Yes 

Totals 17 
6 (M) 
1(F) 

    11 13 1 5 
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Table 4-2:  Adult specimens used in this research and the tests performed on each. 

Specimen 
ID 

Age Sex Race Cause of Death 
Dura 

Mater 
Testing 

Head Compression and 
Impact Testing 

CT 
Method 

Failure 
Drop 

A01M 61-years-old  M Caucasian Unknown  No Yes No No 

A02M 53-years-old  M Caucasian Respiratory failure  No Yes No No 

A03M 56-years-old  M Caucasian 
Prinzmetal heart 

disease 
 No Yes No No 

A04M 59-years-old  M Hispanic  Septic hock  No Yes No Yes 

A05M 58-years-old  M Caucasian 
Chronic obstructive 
pulmonary disease 

 No Yes No Yes 

A06M 67-years-old  M Caucasian Respiratory failure Yes Yes No   

A07M 67-years-old  M Caucasian Unknown Yes Yes No Yes 

A08M 57-years-old  M Unknown Unknown Yes No No Yes 

 

Table 4-3:  ATD heads used in this research.  Each of these heads were tested in head compression 

and impact tests.    

Specimen ID ATD Head 

D01D 50th Adult Male Hybrid III 

D02D 12-month CRABI 

D03D 3-year-old Hybrid III 

D04D 6-year-old Hybrid III 

D05D 10-year-old Hybrid III 

D06D 3-year-old Q3 

D07D 6-month CRABI 

4.1.2 Whole head test battery 

All heads, including ATDs, were scanned using a high resolution CT prior to 

testing.  The CT scans provided a detailed record of the head anatomy and allowed the 

heads to be inspected for pre-existing injuries. The inertial properties of the heads were 

also found via the CT method (Albery and Whitestone 2003).  The CT scans were 

conducted at resolution settings of 0.4mm x 0.4mm x 0.2mm.   

 After being CT scanned, each of the human heads (both pediatric and adult) were 

used in neck testing unrelated to this research.  During the pediatric neck testing, the 
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mandible was removed and each head was used in pediatric neck tests which lasted from 

4-7 days (Luck et al. 2008).  For each of the adult heads, the specimen neck was tested in 

tension (Dibb et al. 2009).  As a result, the adult mandibles were not used in the current 

head testing, and all head compression and drop tests were conducted without the 

mandible attached.  Pictures were taken to document the features of the each head before 

testing began.  The hair was removed and physical measurements of the head were taken 

in three conditions:  frozen, thawed and submersed in water.   

 The pediatric head was then separated from the neck for head drop tests.  

Phototarget dots were applied to the head to track the head’s translation and rotation 

during the drop tests; and, in order the seal the brain cavity, the head’s foramen magnum 

was plugged with poly-methylmethacrylate (PMMA).  The head was subsequently 

weighed and this measurement was taken as the drop mass.  The head was then dropped 

onto an aluminum platen mounted on a piezoelectric load cell.  The drops occurred from 

15cm and 30cm and impacted the forehead, the right and left parietals, the occiput and 

the vertex.  The force-time data was captured and the drops were recorded using a high-

speed camera.  To check for skull fracture after each head impact test, the data was 

inspected and the head was manually palpated. 

 Following drop testing, the head was put through a viscoelastic non-destructive 

head compression battery.  The PMMA plug was removed from the foramen magnum 

and saline-soaked gauze was used to cover the foramen magnum.  The head was placed 

between two platens and compressed in the lateral and anterior-posterior directions.  The 
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viscoelastic battery included preconditioning, relaxation tests and constant velocity tests.  

Limits were placed on the amount of compression to prevent fracture.   

 Following compression testing, head inertial properties were investigated.  The 

mandible was reattached using sutures or pins and the head was filled with saline (0.9% 

NaCl) for the pediatric PMHSs.  Because the adult mandible had been discarded, the tests 

performed on the adult heads did not contain the mandible.  The heads were resealed at 

the foramen magnum using PMMA and were weighed to determine mass for the inertial 

properties testing.   Two hooks were inserted into the head along the midsagittal plane of 

the head, and the head was then placed into a frame that contained both a scale and a 

plumb line for distance and downward vector references.  The head was hung from each 

hook and still pictures were taken.  The head was then swung from each hook and the 

event was filmed.  This data was analyzed to calculate the moment of inertia (MOI) and 

center of gravity (CG) of the head. 

 Based on the indication of fracture during the non-destructive head battery, a 

decision was made as to whether or not to perform a failure drop on the head.  If there 

was no evidence of skull fracture in the previous testing, failure drops were done.  If there 

was evidence of skull fracture but the fracture was deemed mechanically stable, a failure 

drop was done.  If the there was evidence of an unstable fracture, the testing was stopped 

and the head was dissected.    For each failure drop, the head was instrumented with a 

strain gauge on the right or left parietal bone and dropped from a height of 2 meters.  The 
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head was then either frozen and CT scanned or dissected immediately to document 

injuries.   

4.1.3 Soft tissue testing 

Following testing was dissection.  First, the skin of head was examined to identify 

any lesions resulting from the non-destructive tests or failure tests. The skin was then 

removed and the head was examined for any skull fractures. All fractures and 

abnormalities were photographed, documented, and measured.  In addition, pictures of 

the occipital condyles were taken and later used for MOI analysis.  Next, the skull cap 

was removed while preserving the sutures, fontanelles, dura mater and skull bone for 

future testing.  

 Using machined punches, three sets of dura samples were dissected; the pre-

strain, viscoelastic and failure samples.  The samples designated for pre-strain testing 

were placed at room temperature for an hour and pre-strain measurements were taken.  

The viscoelastic and failure dura test samples were photographed with a measurement 

reference to capture the width and thickness of each sample, as well as to allow for later 

quantitative image analysis.  The dura mater was placed in saline and stored in the 

refrigerator at 40ºF until an hour before it was tested.  All dura samples were tested 

within four days of dissection from the skull cap.   

 The dura mater failure tests were performed at three strain rates.  A load cell 

recorded the forces and the strain was measured using phototarget dots placed on the dura 
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mater.  In addition, the viscoelastic (VE) samples were tested using a viscoelastic battery 

of preconditioning, oscillation, relaxation and constant strain rate tests.   

4.1.4 Concurrent analysis  

Other tests were performed concurrently with the battery listed above.  These 

include thresholding measurements, computational inertial property calculations and 

development of average skull and head contours.   

The correct threshold to view the CT scans was determined by dissection and 

measurement of the mandible.  These measurements were then compared to isosurfaces 

of the same mandible at various thresholds.  The threshold setting with the least error in 

mandible measurement was chosen as the standard for each specimen.  The moment of 

inertia was found computationally using the CT scans.  To get the moment of inertia, the 

CT scans were used to produce isosurfaces of the head and neck.  The head of the PMHS 

was segmented from the neck at the occipital condyles.  The head was then segmented 

into three parts; bone, brain and soft tissue.  The bone segmentation was performed using 

the mandible thresholding technique described.  All tissue within the cranium was 

segmented as brain tissue, while the remainder of the scan was segmented as soft tissue.  

Density estimates were defined for each segment and moment of inertia was calculated 

computationally.   

 To augment the cadaver data, a detailed study on the morphology of the pediatric 

head was performed using 185 clinical CT scans of pediatric heads.  A computational 

program was developed in Matlab 2008 (The Mathworks, Inc., Natick, MA) to transform 
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CT head contours into point clouds.  A set of techniques was developed to analyze, 

compare and average the point cloud.  As a final product, the point clouds were converted 

into surface contours.  Average head and skull contours were developed for 12 different 

age groups.   

The interrelations between these experiments are described in Figure 4-1, from 

whole head testing (such as head drops and head compression tests) down to component 

level tests (such as dura mater and suture testing).  The figure illustrates the process from 

whole head testing, to dissecting and sampling, and finally to soft tissue testing.  While 

these tests were being conducted, thresholding techniques, inertial properties, and head 

and skull contours were being obtained and developed.    
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Figure 4-1:  Flow chart illustrating the timing of testing conducted in this dissertation. 
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Chapter 5:  The Compression Stiffness 

 Properties of the Pediatric, Adult and ATD Head 
 

5.1 Introduction 

 The goal of this chapter is to investigate the structural stiffness, hysteresis and 

rate-dependence properties of a collection of pediatric, adult and ATD heads.  The heads 

were compressed at four rates and the force-deflection curves were analyzed.  The ATD 

heads were also compared against age-matched human heads to test their accuracy in 

estimating the structural stiffness of the human head.   

5.2 Background 

Low-rate head compression occurs when the head is slowly pinned between two 

large, relatively flat objects and is characterized by large contact areas between the head 

and the objects.  In the literature, head compression is defined as a compression event 

that occurs over a time period of 200ms or longer--much longer than the <30ms time 

period for a head impact (Chapter 6) (Takeshi et al. 2006).  In general, the human head 

will only experience quasi-static or slow-rate compression during childbirth or when a car 

reverses over a head (Duhaime et al. 1995; Lapeer and Prager 2001; Takeshi et al. 2006).  

Some of what the literature classifies as a quasi-static compression or crush injury is in 

reality a dynamic impact (Bilo et al. 2010).  Examples include motor vehicle crashes 

where a head is pinned, or when an object such as a television falls on a child’s head 

(Duhaime et al. 1995).    
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Even though human head compression is rare, head compression tests are useful 

because they provide insight into the mechanics of the head in impact.  Head 

compression tests provide measurements of the structural stiffness of the head and help 

identify any viscoelastic and/or directional dependencies.  Structural properties, in 

conjunction with impact properties, can provide an understanding of the mechanics of the 

head during impact and help decipher whether a head’s impact is governed by structural 

or local contact stiffness, which is important for knowing how to model the head.   

Similarly, the viscoelastic and directional properties are valuable because they indicate 

how the head should be modeled, whether using finite element models (FEMs) or 

analytical models (Chapter 7) (Lapeer and Prager 2001; Prange et al. 2004).   

In the 1800s, three studies looked at compression properties of the human head.  

The first recorded study was conducted in 1854 by Bruns, who placed two human heads 

in compression using a vice and wood (Bruns 1854).  These tests showed that the human 

head was subject to Poisson’s effects, causing compression in one direction and tension 

in the perpendicular direction.  Burns found that fracture occurred at 11mm and 15mm 

displacement in the anterior to posterior (AP) and lateral directions, respectively.  He also 

found that AP compression caused 5mm of lateral displacement, and that lateral 

compression caused 8mm of AP extension (Messerer 1880; Hauben 1985; Yoganandan 

and Pintar 2004).   In 1876, Baum used an iron ring to apply compression onto a set of 

skinless skulls (Messerer 1880; Yoganandan and Pintar 2004).  The two skulls tested in 

lateral compression fractured at 10mm and 7.5mm of compression, while the skull tested 
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in anterior-posterior compression fractured at 10mm.  As for the pediatric head, in 1859, 

Cohnstein tested an infant head in compression using forceps to determine the safety of 

their use during childbirth (Cohnstein 1875; Davis 1890; Yoganandan and Pintar 2004).   

In the modern era, four studies have looked at the stiffness of the human head.  

The first studies were conducted by Hodgson and Thomas, who were interested in 

developing a two-dimensional model that illustrated brain movement and evaluated skull 

volume changes during head compression.  Hodgson tested one head by compressing the 

forehead and lower occiput simultaneously and found the anterior-posterior direction to 

be stiffer than the lateral direction (Hodgson et al. 1967).  Thomas tested three heads in 

compression until failure and measured the deflection of the head at multiple locations;  

he found that the skull volume change was 10 times higher for lateral compression than 

AP compression (Thomas et al. 1968).  Both experiments removed the scalp at the 

loading location and hence the scalp and skin  were not included in the compression 

analysis (Hodgson et al. 1967; Thomas et al. 1968).    

Next, McElhaney conducted compression failure tests on 23 cadaver heads.  

Using two 6-inch diameter steel platens, 12 heads were compressed in the lateral 

direction while 13 were compressed in the AP direction.  The heads were to be 

compressed until fracture, but four heads failed to fracture during AP compression.  The 

average max force was 5115N and 5954N in the lateral and anterior-posterior 

compression directions, with compression amounts about 2% of head length and 4% of 

head width (Table 5-1 and Figure 5-1) (McElhaney et al. 1972; McElhaney 1976).   



 

 

37 

Table 5-1:  Head compression fracture properties as reported by McElhaney (McElhaney et al. 1972; 

McElhaney 1976). 

Direction Average Max Force (N) Average Fracture Displacement 

Lateral 5115 4% of Head width 

Anterior-posterior 5954 2% of Head length 

 
Figure 5-1:  Adult head compression force-deflection corridors found by McElhaney.  The heads 

were compressed either laterally or in the anterior-posterior direction.  The heads were loaded until 

skull fracture occurred (McElhaney et al. 1972; McElhaney 1976; Yoganandan and Pintar 2004).    

Figure used with permission of Yoganandan. 

 

Finally, Yoganandan conducted the latest study looking at head compression 

using a hemispherical anvil while the lower portion of the head was rigidly fixed.  The 

heads were loaded at rates of 0.002 m/s and 7.1-8.0 m/s.  This data showed that the 

stiffness and fracture force increased with loading rate, while the deflection to failure 

decreased with loading rate (Table 5-2) (Yoganandan et al. 1995).   
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Table 5-2:  Head compression data as reported by Yoganandan (Yoganandan et al. 1995). 

Loading Rate (m/s) Force (N) Deflection (mm) Stiffness (N/mm) Energy (J) 

0.002 6399 12 812 33.5 

7.1-8.0 11938 5.8 4023 28 

  

 The goal of this study is to measure the low-load structural stiffness of three sets 

of heads: adult, pediatric and ATD.  The human heads will be tested to understand the 

effects of age, compression direction and compression rate on structural stiffness.  The 

ATD heads will be studied to identify any directional or rate dependencies.  Lastly, the 

ATD heads will be compared against age-matched human heads to investigate how well 

the ATD head models the human head.   Both small-compression and large-compression 

stiffness will be studied.   

5.3 Methods 

Three sets of heads were used in this study: 12 pediatric heads, 6 adult heads and 

7 ATD heads.  The goals of the testing were to find the structural stiffness and hysteresis 

of the head in the lateral (RL) and anterior-posterior (AP) directions, as well as to identify 

any rate-dependent behavior of the head.  These tests were ran after the head impact tests 

(Chapter 6) and after a series of neck tension tests that required removal of the mandible 

(Luck et al. 2008; Dibb et al. 2009).   
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Table 5-3:  Pediatric heads used for head compression tests. 

Specimen 

ID Age Sex Race Cause of death 

P02F 20-weeks-gest. F Caucasian Heart Failure 

P13F 34-weeks-gest. F Unknown Unknown 

P07M 33-weeks-gest. F Unknown Unknown 

P08M 37.5-weeks-gest. M Caucasian Pulamalry agpaplasia 

P05F 1-day-old F Caucasian Diaphragmatic hernia 

P03M 3-days-old M Caucasian Ischemic encephalopathy; cerebral infarction 

P06F 11-days-old F Black 

Non-immune hydrops fetalis;  intercranial 

hemorrhage 

P12M 5-months-old M Black Respiratory failure 

P14M 9-months-old M Black Chronic obstructive plumonary Disease 

P15F 11-months-old F Caucasian SIDS, renal failure 

P18M 9-years-old M Black 

End stage renal disease; secondary:  

hyperkalemai 

P21F 16-years-old F Caucasian Seizure disorder 

 

Table 5-4:  Adult heads used for head compression tests. 

Specimen ID Age Sex Race Cause of death 

A02M 53-years-old M Caucasian Respiratory failure 

A03M 56-year-old M Caucasian Prinzmetal heart disease 

A04M 59-years-old M Hispanic  Septic shock 

A05M 58-years-old M Caucasian 

Chronic obstructive 

pulmonary disease 

A06M 67-years-old M Caucasian Respiratory failure 

A07M 67-years-old M Caucasian Unknown 
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Table 5-5:  ATD heads used for head compression tests. 

Specimen ID ATD head 

D01D 50
th

 percentile adult male Hybrid III 

D02D 12-month CRABI 

D03D 3-year-old Hybrid III 

D04D 6-year-old Hybrid III 

D05D 10-year-old Hybrid III 

D06D 3-year-old Q3 

D07D 6-month CRABI 

First, the head was dissected from the neck at the occipital condyles and 

dimensions of the head were measured.   For the adults, the ears were removed to allow 

for compression directly on the parietal regions.  Saline-soaked gauze was used to loosely 

cover the foramen magnum.   The head was placed between two ¾ inch thick aluminum 

platens that were connected to a hydraulic actuator (MTS Systems, Eden Prairie, MN) 

(Figure 5-2).  Each head was placed with the parietal regions in contact with the platens 

for the lateral compression tests, while each head was placed with the occiput touching 

the bottom platen and forehead touching the top platen for the AP compression tests 

(Figure 5-2).  The diameter of the top platen was adjusted depending on the head size to 

reduce interference of the nose.  For some heads, 80-grit sandpaper was used to prevent 

the head from sliding out from between the platens in the anterior-posterior compression 

tests after attempting to test without sandpaper.  For some ATD tests, tape was used to 

secure the head in place and to insure that the most lateral surfaces of the head were 

being compressed.  A 200lb S-type load cell (Omega Engineering, Stamford, 

Connecticut) was used to measure force, while the MTS (Eden Priarie, MN) internal 



 

 

41 

linear variable differential transformer (LVDT) was used to measure the head’s 

deflection, which was taken to equal the displacement of the bottom platen (Figure 5-2).   

LabVIEW (National Instruments, Austin, TX) was used to trigger the tests and to collect 

all of the data.  The sample rate ranged from 150 to 10000 points per second depending 

on the test resulting from differences in test length (Table 5-6).  All tests were video-

recorded (Figure 5-2).  

 
Figure 5-2:  The head compression setup.  The head was placed between two platens and the MTS 

ram’s upward motion was used to compress the head.  The left image shows the anterior-posterior 

compression test setup while the right displays the lateral compression test setup.  The head shown is 

the 6-year-old Hybrid III ATD head.   

 

The compression test battery consisted of a preconditioning test, one static 

deflection (also referred to as quasi-static) test and three constant normalized 

displacement rate tests.  The gauge length for the lateral and AP compression tests were 

set as the max head width and max head length, respectively (Table 5-6).  The 



 

 

42 

normalized displacement rate for static deflection tests and the three constant normalized 

compression rate tests were 0.0005, 0.01, 0.1 and 0.3/s, respectively (Table 5-6).  A 

preload of 0.5N to 1N was applied prior to each test to insure that the platens were in 

contact with the head.  Limits were placed on the tests to insure the human heads were 

not injured and the ATD heads were not damaged.  The limits for the pediatric head were 

5% of the gauge length for displacement, and 500N for force.  Likewise, the limits for the 

adult heads and ATD heads were 5% of the gauge length for displacement, but the force 

limit was 1000N.   

Table 5-6:  Head compression test battery for AP and lateral compression directions. 

Test 

Normalized 

Compression 

Rate (1/s) Gauge Length 

Sample Rate 

(points/second) 

Static deflection 0.0005 Head width/Head length 150 

Normalized rate #1 0.01 Head width/Head length 300 

Normalized rate #2 0.1 Head width/Head length 3000 

Normalized rate #3 0.3 Head width/Head length 10000 

For analysis, all data were filtered using a low-pass Butterworth filter with a 

cutoff frequency of 40 Hertz.   The stiffness from each head compression test was found 

by a linear regression of the force-deflection curve from 50% to 100% of the peak 

displacement.  Non-linear regression of head compression tests were done to fit the entire 

force-deflection curve using the equation 

      ( )    (                (  )   ) 
Equation 5-1 

where A and B were numerically optimized to fit the data using MATLAB 2010a 

(MathWorks, Natick, MA).  Small-normalized compression stiffness was defined as the 
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stiffness between 1.25% and 2.5% compression of the head width and head length.  

Large-normalized compression stiffness was defined as the stiffness between 2.5% and 

5% compression of the head width and head length.  Both the small-normalized 

compression stiffness and the large-normalized compression stiffness were calculated 

from the slope of the Equation 5-1 fits of the head compression tests.   For each head 

compression test, the measured stiffness (found by the linear regression) and the small 

and large normalized compression stiffness values were calculated.  Also, the hysteresis 

was taken for each force-compression curve by calculating the percentage difference 

between the loading and unloading regions of the curve.  The large-normalized 

compression stiffnesses for the adult heads were not calculated because the adult heads 

fractured in the large-normalized compression range.  In addition, the large-compression 

stiffness was not calculated for any fits that exceeded 8000N by compression of 5% of 

the gauge length for both ATDs and humans, since the human head would fracture before 

this (Figure 5-1).   

The human heads were divided into five different age groups: premature, neonate, 

toddler, youth and adult for statistical comparisons (Table 5-7).  Analyses of covariance 

(ANCOVAs) were used to investigate the significance of compression direction, 

normalized rate and age for small-compression stiffness and large-compression stiffness.  

For the ATD heads, the ANCOVAs were used to investigate the significance of the ATD 

heads, effect of compression direction and normalized compression rates on small 

compression stiffness and large compression stiffness.  The significance level for all 
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ANCOVAs was p<0.05.  Levene tests were done for each ANCOVA to ensure that the 

variances were equal and that use of the ANCOVA was valid (p>0.05).  If use of the  

ANCOVA was invalidated by the Levene tests, a generalized linear model was used with 

a normal distribution and identity canonical link function instead (Norman and Streiner 

2003).  Again the significance level was set at p<0.05.  To test for significant differences 

between age groups and normalized compression rate, the Tukey-Kramer method was 

used with a significance level of p<0.05.  The significant difference for the compression 

direction for all human heads was found using the ANCOVA or a general linear model.   

For significant differences in compression direction within an age group, student t-tests 

were conducted for compression rate.  JMP (SAS Institute, Cary, NC) was used to 

perform all statistical comparisons.     

Table 5-7:  Division of human heads into groups for statistical analysis in this chapter. 

Age group Age range Number of specimen 

Premature 20-weeks-gestation 1 

Neonate Younger than one-month-old 6 

Toddler 5-months to 11-months-old 4 

Youth 9-years to 16-years-old 2 

Adults Older than 18-years-old 6 

The ATD heads were compared against aged-matched cadaver heads to test the 

accuracy of each ATD head.  The comparisons were done between the 5-month-old post 

mortem human subject (PMHS) and 6-month-old CRABI, the 11-month-old PMHS and 

12-month-old CRABI, 9-year-old PMHS and 10-year-old Hybrid III, and the adult heads 

against the adult Hybrid III Table 5-8.  Both the small-compression and large-

compression stiffnesses of both the AP and lateral directions were compared.  
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Generalized linear models were used check for significant differences between the adult 

and Hybrid III (p<0.05).  JMP was again used for generalized linear model. 
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Table 5-8:  Comparison of human and ATD heads using small-compression and large-compression 

stiffness. 

Humans ATDs 

5-month-old (P12M) 6-month-old CRABI 

11-month-old (P15F) 12-month-old CRABI 

9-year-old (P18M) 10-year-old Hybrid III 

All Adults 50
th
 Percentile Adult Male Hybrid III 

 

5.4 Results 

Example plots of the force-deflection curve and the non-linear fit are shown in 

Figure 5-3.   Also shown in Figure 5-3 are examples of the slopes used to calculate the 

measured stiffness, the small-compression stiffness and large-compression stiffness from 

the non-linear fit.   

 
Figure 5-3:  Example of the non-linear fit and slope used to calculate the measured stiffness (left).  

The measured stiffness was calculated from 50% of the peak displacement to the peak displacement.  

Example of the slopes used to calculate the small-compression stiffness and large-compression 

stiffness from the non-linear fit (right).  The small-compression stiffness was calculated from 1.25% 

to 2.5% of the non-linear fit, while the large-compression stiffness was calculated from the 2.5% to 

5% of the non-linear fit.  The graphs shown are for anterior-posterior compression of P08M (37.5 

week-gestation).   
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5.4.1 Human Head Small-Compression Stiffness 

 An ANCOVA of the human head small-compression stiffness showed no 

dependence on the compression direction (p=0.604) and compression rate (p=0.19), but 

was dependent on age (p<0.0001).  However, a Levene test invalidated the results of the 

ANCOVA as the test showed unequal variances (p<0.0001).  A generalized linear model 

showed that again that the small-compression stiffness was highly dependent on age 

(p<0.0001) with no dependence on direction (p=0.60) or normalized compression rate 

(p=0.18).    

 Figure 5-4 and Figure 5-5 show the static deflection small-compression stiffness’ 

dependence on age, increasing from 0.9N/mm for the premature head to 356N/mm for 

the adult head.  The neonatal and toddler static deflection stiffnesses were statistically 

lower than the adult and youth static deflection stiffnesses (generalized linear model with 

post-hoc Tukey-Kramer tests p<0.05).  An example of the independence of the 

compression direction with normalized compression rate for the human heads is shown 

using neonate heads in Figure 5-6.  The small-compression stiffness did increase with 

normalized rate, but only the static deflection and 0.3/s small-compression stiffnesses 

were statistically different (generalized linear model with post-hoc Tukey-kramer tests 

p<0.05).  The directional independence is also shown in Figure 5-6 as there were no 

statistical differences between any of the direction for each normalized rate (multiple 

student t-tests p>0.24).   
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Figure 5-4:  The lateral static deflection force-deflection curve for heads in each age group.  The 1-

day-old and 5-month-old were compressed 5% while the 67-year-old and 9-year-old were 

compressed 4% and 2.7% due to force limits. 

 
Figure 5-5:  Illustration of the small-compression stiffness’ age dependence.  * denotes that the age 

group’s small-compression stiffness value was statistically lower than that of the adult head 

(generalized linear model with post-hoc Tukey-Kramer test p<0.0008).  The premature head was not 

statistically different from the adult because only one premature head was tested and this limited the 

power to detect a statistical difference.   
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Figure 5-6:  Illustration of the relative independence of small-compression stiffness on normalized 

rate for the neonate head.  The static deflection stiffnesses were the only stiffnesses that were 

statistically different from the 0.3/s stiffness, and are denoted by * for the AP direction and % for the 

lateral direction (Tukey-Kramer tests p<0.05).  The graph also shows that there was no difference in 

the small-compression stiffness between the compression directions (multiple student t-tests p<0.05).   

 

5.4.2 Human Head Large-Compression Stiffness 

 For large-compression stiffness, the adult heads were removed from the analysis 

because the adult head is likely to fracture at normalized compression levels between 4% 

to 5%, which is within the large-compression range (2.5%  to 5%)  (McElhaney et al. 

1972; McElhaney 1976).  The analysis of variance showed that the age was the only 

significant predictor of large-compression stiffness (p<0.001).  However, the Levene tests 

invalidated the results   (p<0.001).  A generalized linear model showed that only age 

(p<0.001) was a significant predictor of the large-compression stiffness.  Since the youth 

large-compression stiffnesses were substantially higher than the younger heads’ 

stiffnesses, the younger heads were analyzed without the youth age group.  Using only 
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the heads that were toddler aged and younger, a generalized linear model showed that age 

(p<0.0001) and normalized rate (p=0.0091) were significant predictors of the large 

compression stiffnesses.  The compression direction (p=0.072) was still not a significant 

predictor of large-compression stiffness.   

 The differences in the large-compression stiffness are shown in Figure 5-7. 

Notably, the toddler large-compression stiffness was more than 80 times greater than the 

premature large-compression stiffness, and the youth large-compression stiffness was 

more than 34 times greater than the toddler large-compression stiffness (Figure 5-4).  For 

the younger heads (toddlers and younger), the normalized rate dependence is illustrated 

in Figure 5-8 and Figure 5-9.   Figure 5-8 shows how an increase in normalized rate 

caused a larger stiffness response from P08M in the anterior-posterior direction.  Figure 

5-9 shows that the compressive response typically increased with normalized rate, 

however there was a large variation that prevented statistical differences (general linear 

model with post-hoc Tukey-Kramer tests p>0.05).   
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Figure 5-7:  Illustration of the large-compression stiffness’ dependence on age.  The youth large-

compression stiffness was drastically higher than that of the younger ages (generalized linear model 

with post-hoc Tukey-Kramer test p<0.05).   

 

 
Figure 5-8:  The force-compression curves for P08M (33-week-gestation) in anterior-posterior 

compression.   This specimen provides a typical illustration of how the large-compression stiffness 

increased with increased normalized rate for the heads 11-months-old and younger. 
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Figure 5-9:  Illustration of how the large-compression stiffness changed with age and normalized rate 

for the heads 11-months-old and younger.   

 

   

5.4.3 Human Head Hysteresis 

 An analysis of covariance showed that the hysteresis was independent of 

normalized rate (p=0.28) and compression direction (p=0.15), but was significantly 

dependent on age (p<0.001).  A Levene test showed that the variances were not equal and 

results of the ANCOVA were not valid (p=0.0064).  A generalized linear model again 

showed that age was a significant factor (p=0.0008), and similarly that normalized rate 

(p=0.27) and compression direction (p=0.14) were not significant.    

 A post-hoc Tukey-Kramer test showed that the neonate and toddler hysteresis 

values were statistically lower than the adult hysteresis values while no statistical 

difference was found from the youth and the premature hysteresis values (p<0.05) 
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(Figure 5-10).  Even though the generalized linear model showed that the hysteresis was 

independent of normalized-rate, the static deflection tests resulted in the lowest hysteresis 

values across all age groups.  Also, statistical differences were found between the 

hysteresis values of the static deflection tests and those of the other tests for all age 

groups except the premature age group (multiple Tukey-Kramer tests (p<0.05)) (Figure 

5-11 and Figure 5-12).   

 Figure 5-10 demonstrates how the hysteresis changed with age.  The adult age 

group had the highest hysteresis values while the toddler age group had the lowest 

hysteresis values.  Figure 5-11 and Figure 5-12 show how the static deflection tests 

resulted in the highest hystereses out the four normalized compression rates.   

 
Figure 5-10:  Hysteresis energy lost for each specimen.  The * denotes that the hysteresis energy loss 

of the age group was statistically less than that of the adult age group (ANCOVA with a post-hoc 

Tukey-Kramer test p<0.05).  The hysteresis was independent of the compression direction (p=0.14) 

and normalized rate (p=0.27), but was dependent upon specimen age (p=0.0008). 
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Figure 5-11:  Hysteresis energy lost for neonatal heads.  * denotes that the average hysteresis was 

statistically lower than the static deflection tests (Tukey-Kramer test p<0.05).  The static deflection 

tests had the statistically highest hysteresis for the neonates (Tukey-Kramer p<0.05).   

 

 
Figure 5-12:  Hysteresis energy lost for toddler heads.  * denotes that the average hysteresis was 

statistically lower than that of the static deflection tests (Tukey-Kramer test p<0.03).  There was a 

trending difference between the static deflection and 0.3/s hysteresis values (Tukey-Kramer test 

p=0.0553).   
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5.4.4 ATD Small-Compression Stiffness 

Example plots of an ATD force-deflection curve and non-linear fit are shown 

Figure 5-13.  The slopes used to calculate the measured, small-compression and large-

compression stiffnesses are also shown.   

 
Figure 5-13:  Example of the non-linear fit and slopes used to calculate stiffnesses for an ATD head 

(left).  The measured stiffness was calculated from 50% of the peak displacement to the peak 

displacement.  Examples of the slopes used to calculate the small-compression stiffness and large-

displacement stiffness for an ATD head are shown (right).  The small-compression stiffness was 

calculated from 1.25% to 2.5% of the non-linear fit (right).  The large-compression stiffness was 

calculated from the 2.5% to 5% of the non-linear fit (right).  The graphs shown are for anterior-

posterior compression of 12-month CRABI (D02D).   

 

An analysis of covariance was used to test the ATD heads, compression direction 

and normalized rate at predicting the small-compression stiffness of the ATD heads.  The 

ANCOVA showed that all three variables were significant predictors of the small-

compression stiffness response of the ATD head (p<0.05).  However, Levene tests 

showed that the variances were unequal and that the ANCOVA analysis was not valid 

(p<0.0001).  A general linear model showed that the ATD small-compression stiffness 
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was dependent on the ATD head (p<0.0001), compression direction (p=0.0308) and 

normalized rate (p=0.0038).   

The lateral stiffnesses were higher than the anterior-posterior stiffnesses for all of 

the ATD heads except for the 3-year-old Q3, where the anterior-posterior stiffness was 

higher.  For all of the anterior-posterior tests, the 3-year-old Q3 had the highest stiffness 

values, while the lowest 6-month and 12-month CRABIs had the lowest stiffness values 

(Figure 5-14 and Table 5-9).  For the lateral compression tests, the 10-year-old Hybrid III 

head had the highest small-compression stiffness during quasi-static tests, and the adult 

Hybrid III head had the highest small-compression stiffness for the remaining lateral 

tests.  On the other hand, the 12-month-old CRABI head had the lowest small-

compression stiffness for all lateral compression tests (Figure 5-14 and Table 5-9).  A 

direct comparison of the quasi-static small-displacement stiffnesses of the ATD heads is 

shown in Figure 5-14.  A list of the most compliant and stiffest ATD heads for each test 

is given in Table 5-9.   
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Figure 5-14:  The quasi-static small-compression stiffness for each ATD head for both compression 

directions.  The 3-year-old Q3 and adult Hybrid III were the stiffest heads (Table 5-9). Furthermore, 

the anterior-posterior direction resulted in the largest stiffness values for each ATD head, except for 

the 3-year-old Q3.   

 

Table 5-9:  The ATD head with the largest and smallest small-compression stiffness for each 

compression test. 

Direction Test 
Lowest small-compression 

stiffness 
Highest small-

compression stiffness 

Anterior-Posterior 
Static 

Deflection 6-month CRABI 3-year-old Q3 

Anterior-Posterior 0.01/s 6-month CRABI 3-year-old Q3 

Anterior-Posterior 0.1/s 12-month CRABI 3-year-old Q3 

Anterior-Posterior 0.3/s 12-month CRABI 3-year-old Q3 

Lateral 
Static 

Deflection 12-month CRABI 10-year-old Hybrid III 

Lateral 0.01/s 12-month CRABI Adult Hybrid III 

Lateral 0.1/s 12-month CRABI Adult Hybrid III 

Lateral 0.3/s 12-month CRABI Adult Hybrid III 

 

All of the ATD head small-compression stiffnesses increased with normalized 

rate for both compression directions.  However, the ATD heads differed in how much the 

normalized rate affected the resulting small-compression stiffness.  In the lateral 

0

100

200

300

400

500

600

700

800

Q
u

as
i-

St
at

ic
 S

m
al

l C
o

m
p

re
ss

io
n

  
St

if
fn

es
s 

(N
/m

m
) 

AP

Lateral



 

 

58 

direction, the adult Hybrid III was the most rate–sensitive, as its small-compression 

stiffness increased 160% between the quasi-static test and the 0.3/s test (Figure 5-16).  

The 12-month CRABI was the least rate-sensitive in the lateral compression tests as the 

small-compression stiffness increased only 30% between the quasi-static and 0.3/s test 

(Figure 5-16).  In the anterior-posterior direction, the 6-year-old Hybrid III was the most 

rate-sensitive and the 12-month CRABI was the least rate-sensitive (Figure 5-15 and 

Table 5-10).  Figure 5-15 and Figure 5-16 show how the anterior-posterior and lateral 

small-compression stiffness increased with normalized rate.   

Table 5-10 shows the percentage change from the small-compression stiffness of 

each ATD head for each test.  Figure 5-17 shows an example plot of an ATD head with a 

little small-compression rate sensitivity.  Figure 5-18 shows an example plot of an ATD 

head with a large small-compression rate sensitivity.   

 
Figure 5-15:  The quasi-static and 0.3/s anterior-posterior stiffness for each head. The 6-year-old 

Hybrid III was the most rate-sensitive while the 12-month CRABI was the least rate-sensitive in the 

anterior-posterior directions.     
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Figure 5-16:  The quasi-static and 0.3/s lateral stiffness for each ATD head showing the rate 

sensitivity of each head.  The adult Hybrid III and 12-month CRABI were the most and least rate-

sensitive ATD heads, respectively, in the lateral direction (Table 5-10).   

 

 

Table 5-10:  The percentage increase of the small-compression stiffness over the quasi-static stiffness 

for each head test for each ATD head.   

 
AP RL 

Specimen 0.01/s 0.1/s 0.3/s 0.01/s 0.1/s 0.3/s 

6-month CRABI 18% 38% 51% 17% 39% 50% 

12-month CRABI 10% 4% 20% 12% 22% 30% 

3-year-old HIII -1% 17% 25% 23% 38% 43% 

3-year-old Q3 17% 23% 36% 38% 45% 50% 

6-year-old HIII 65% 131% 145% 61% 126% 143% 

10-year-old HIII 69% 114% 114% 38% 63% 73% 

Adult HIII 47% 95% 106% 70% 131% 160% 
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Figure 5-17:  Example plots showing the rate dependency of an ATD head with little rate dependency 

in the small-compression stiffness.  The figure shows the anterior-posterior compression of the 12-

month CRABI.   

 

 
Figure 5-18:  Example plots showing the rate dependency of an ATD head with large rate 

dependency in the small-displacement stiffness.  The figure shows anterior-posterior compression for 

the 6-year-old Hybrid III.   

Note that Tukey-Kramer tests and student t-tests were not performed in this 

section because there were no repeated tests and because the ATD head values were 

statistically different from each other.   
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5.4.5 ATD Large-Compression Stiffness 

 For the large-compression stiffnesses of the ATDs, all of the fits that reached 

8000N before 5% compression were removed because they produced an unrealistic 

response according to McElhaney compression tests, in that fracture would occur in a 

human head before this point (McElhaney et al. 1972) (Figure 5-1).  A listing of the fits 

removed from the analysis is provided in the appendix (Table 5-19).  A generalized linear 

model showed that the large-compression stiffness was dependent on the ATD head 

(p<0.0001) and compression direction (p=0.0001), but not dependent on the normalized 

rate (p=0.65).  Figure 5-19 shows how the large-compression stiffness differs between 

ATD heads and that the lateral compression direction produced higher large-compression 

stiffnesses.   

 
Figure 5-19:  The large-compression stiffness of the ATD heads.  The lateral direction was 

statistically stiffer than the anterior-posterior direction, and the large-compression stiffnesses of each 

ATD heads were statistically different from each other (general linear model p<0.0002).   
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5.4.6 ATD Hysteresis 

 The ANCOVA of the ATD hysteresis showed that the hysteresis was only 

dependent on the ATD head (p<0.0001), and not on the compression direction (p=0.738) 

or the compression rate (p=0.838).  A Levene test showed that the use of ANCOVA was 

valid (p=0.084).  No consistent trends were found for normalized rate or compression 

direction across the ATD heads.  For example, the hysteresis decreased with normalized-

rate for three heads (6-month CRABI, 6-year-old HII and 10-year-old HIII) and increased 

for two heads (12-month CRABI and 3-year-old Q3).    

 Figure 5-20 is a comparison between the hysteresis of the ATDs.  It shows that 

the 6-year-old Hybrid III had the highest hysteresis and the 3-year-old Q3 had the lowest 

hysteresis.  Figure 5-21 and Figure 5-22 demonstrate how there was no consistent pattern 

across the ATD heads in either normalized rate or compression direction.  Figure 5-21 

shows the hysteresis increasing with normalized-rate, as well as the anterior-posterior 

direction having higher hysteresis values than the lateral direction.  Figure 5-22 illustrates 

an ATD with opposite properties: with the hysteresis decreasing with normalized rate, as 

well no difference in hysteresis by compression direction.   
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Figure 5-20:  The average hysteresis for each ATD.   The hysteresis of the ATDs was dependent on 

ATD head, but not the normalized-rate nor compression direction (ANCOVA p<0.05).  * denotes 

that the ATD head hysteresis is statistically different from the 6-year-old HIII hysteresis (ANCOVA 

with a post hoc Tukey-Kramer tests p<0.05).   

 

 
Figure 5-21:  3-year-old Q3 hysteresis values.  Here, the hysteresis increased with normalized rate, 

which was not consistent across all ATDs.  Also, the hysteresis was greater in the anterior-posterior 

direction, which was also not consistent across all ATD heads.   
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Figure 5-22:  The hysteresis for the 6-month CRABI.  For this ATD, the hysteresis decreased with 

normalized rate (which is opposite of the 3-year-old Q3) (Figure 5-21).  No difference in hysteresis 

was found between the two compression directions, which was also different from the 3-year-old Q3 

(Figure 5-21).   

 

5.4.7 Human-ATD Comparison 

The human heads were compared to the age-matched heads (Table 5-8). Both 

large and small normalized stiffness were compared for comparison.       

In the 5-month-old to 6-month CRABI comparison, the 6-month CRABI was 

better at estimating the anterior-posterior stiffness.  On average, the 6-month-old’s 

anterior-posterior stiffness values—both small-compression and large-compression-- 

were 28% and 55% less stiff from the 5-month-old’s values (Figure 5-23 and Figure 5-

24).  The 6-month CRABI was much stiffer in the lateral direction than the 5-month-old, 

with an average difference of 335% and 535% for small-compression and large-

compression stiffnesses (Figure 5-23 and Figure 5-24).  The differences in small-
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compression stiffness can be seen in Figure 5-23.  The differences in the large-

compression stiffness can be seen in Figure 5-24.   

 
Figure 5-23:  Small-compression stiffness comparison between 5-month-old and 6-month CRABI.  

The average difference was 28% less for the lateral direction and 335% more for the anterior-

posterior direction.   
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Figure 5-24:  Large-compression stiffness comparisons between the 5-month-old and 6-month 

CRABI.  The average difference was -54% less and 535% more for the lateral and anterior-posterior 

directions, respectively.   

 The 12-month CRABI was better at modeling the 11-month-old in lateral 

compression as opposed to anterior-posterior compression due to closer small and large-

compression stiffness values.  The 12-month CRABI was 25% and 3% more than the 11-

month-old in small-large and large-compression stiffness values in the lateral direction.  

In the anterior-posterior direction, the 12-month CRABI’s small-compression and large-

compression values were 66% and 83% less than those of the 11-month-old.  A 

comparison between the 11-month-old and 12-month CRABI small-compression stiffness 

values is given in Figure 5-25.  The large-compression stiffness comparisons between the 

two are shown in Figure 5-26.   
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Figure 5-25:  The small-displacement stiffness comparison between the 11-month-old and 12-month 

CRABI.  On average, the 12-month-old’s small-compression stiffness was 66% less than that of the 

11-month-old in the anterior-posterior direction, yet was 25% more than the 11-month-old’s value in 

the lateral direction.   

 
Figure 5-26:  The large-compression stiffness comparison between 11-month-old and the 12-month 

CRABI.  The 12-month CRABI’s large-compression stiffness was on average 83% less than that of 

the 11-month-old in the anterior-posterior direction.  There was only an average of 9% difference in 

the lateral large-compression stiffness between the two heads.   
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 The 9-year-old and 10-year-old Hybrid III could only be compared in the lateral 

direction due to the issues with the 9-year-old slide out of the compression plates.  The 

average small-compression difference was 42%, with the 10-year-old Hybrid III always 

being stiffer than the 9-year-old.  For the large-compression quasi-static stiffness, the 10-

year-old HIII was more than twice as stiff as the 9-year-old in lateral compression.  The 

large-compression stiffnesses for other tests were not done because they exceed the 

8000N limit.  The small-compression comparison is shown in Figure 5-27 and the large-

compression comparison is given in Figure 5-28.   

 

Figure 5-27:  Small-compression lateral stiffness comparison of the 9-year-old and 10-year-old HIII.  

The 10-year-old HIII was always stiffer, and was on average 42% stiffer, than the 9-year-old.   
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Figure 5-28:  Lateral quasi-static large-compression stiffness for the 9-year-old and the 10-year-old 

HIII.  The 10-year-old was 144% stiffer than the 10-year-old HIII.   

   

 Please note that no statistical tests done for the 5-month-old to 6-month-old 

CRABI, 11-month-old to 12-month-old CRABI and 9-year-old to 10-year-old Hybrid III 

because each test was run on each head once and hence none of the data could be 

averaged.    

The adult head stiffnesses were compared to the adult Hybrid III by comparing 

small compression stiffness.  Only the small-compression stiffnesses were compared 

because the force and compression of the adult head were limited to ensure no premature 

fracture of the head would occur.  A generalized linear model using the head type (adult 

or Hybrid III), normalized rate and compression directions as variables showed that adult 

heads and the Hybrid III heads’ stiffnesses were not statistically different in compression 

(p=0.66).  Note that there were large variations in the adult head compression tests.    
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Figure 5-29:  Comparison between the small-compression stiffness of the adult heads and the adult 

Hybrid III head.   The adult heads and the Hybrid III heads had stiffnesses that were not statistically 

different according to a generalized linear model (p=0.66) 

5.5 Discussion 

 The goal of this study was to obtain quasi-static stiffnesses of the pediatric, adult 

and ATD heads and to investigate the hysteresis of the head and if the heads in 

compression are rate-dependent or dependent on compression direction.  Also, the ATD 

heads were compared directly against age-matched human heads to tests for accuracy in 

reproducing the response of the human head in compression.  Each head was compressed 

between two rigid plates at four different rates, and the resulting force-deflection curves 

were analyzed and modeled using a non-linear fit.  The stiffness values were used to test 

for directional and rate dependence.   

 Previous studies of the head in compression have compressed the head to the 

point of fracture only using adult heads (McElhaney et al. 1972; McElhaney 1976; 
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Yoganandan et al. 1995).  There is only one previous study of the pediatric head in 

compression, but no displacement or force data was reported (Cohnstein 1875).  The 

current study provides small-compression stiffness measurements for the adult head and 

both small- and large-compression stiffness measurements that did not cause fractures for 

the pediatric head.  The current study also reports the first collection of stiffness 

measurements for any ATD head.  The pediatric, ATD and small-compression stiffness 

values for the adult head prevented direct comparison between the current data set with 

previous studies.   

5.5.1 Effect of Age 

 Age had the most dominant effect on both the small-compression and large-

compression stiffnesses, as well as the hysteresis of the human head.   The stiffness 

increased by more than 300 times from the premature head to adult heads for small–

compression, and almost 3000 fold for the premature to youth for large-compression.  

The stiffness change with age is further supported by the large-compression stiffness 

measurements conducted by McElhaney, as his large-compression adult stiffnesses were 

dramatically higher (315 and 140 times more) than the neonatal large-compression 

stiffnesses (McElhaney et al. 1972; McElhaney 1976) (Figure 5-30).  The reasons for the 

stiffness changes are both mechanical and anatomical.  The mechanical reason is that the 

larger head of the older specimens results in a larger displacement for the same 

normalized compression levels.  For example, the premature head had to be compressed 

only 3.6mm to reach 5% compression in the AP direction, while an adult (A07M) head 
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would have needed 10.5mm of displacement to reach 5% compression.  The added 

displacement in conjunction with the non-linear force displacement relationships (Figure 

5-1) likely causes a stiffer response of the older, larger heads (Equation 5-1).   

 
Figure 5-30:  A comparison of the adult head and neonatal head large-compression stiffness values.  

The adult data is from McElhaney et al.  (McElhaney et al. 1972; McElhaney 1976). 

 

 The second reason for the change in stiffness with age is due to changes in the 

anatomy of the head that occur with growth.  During both the premature and neonatal 

periods, the head is composed of regions of soft, compliant tissues known as fontanelles 

and sutures (Agur and Lee 1991).  These regions intentionally allow the head to be 

flexible and deformable to  permit safe passage through the birth canal (Lapeer and 

Prager 2001).  This makes the head very compliant with a very small stiffness.  From 

premature to neonate, the bones of the head begin to thicken because the bones continue 

to ossify.  From the neonatal to toddler ages, the head sutures of the head begin to fuse 
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and are connected by 6-months-old (Cohen 2000; Kuffel 2004a).  The posterior and 

anterior fontanelles fuse on average at 2 and 13.8 months of age (Cohen 2000; Kuffel 

2004a).  The closing of the sutures adds rigidity and stiffness to the head.  During the 

toddler age range, the head begins the process of changing from its initial design (soft and 

compliant, to travel easily through the birth canal) to being rigid enough to protect the 

brain.  From the toddler ages to the youth ages, the all of the sutures and fontanelles fuse 

and begin interdigitating.  The bone continues to thicken and morphs from a single-layer 

bone to exhibiting a tri-layer structure (White and Folkens 1999; Davis et al. in review).  

Lastly, the bone thickens to a final thickness of 4.0mm to 7.4mm, and interdigitation 

continues into adulthood (Getz 1960; Ishida and Dodo 1990).  Each step of head growth 

adds rigidity to the head, which is reflected in the stiffness results (Figure 5-5, Figure 5-7 

and Figure 5-9).   

 Unlike the stiffness changes, which largely depend on the anatomy of the cranial 

bones, the changes in hysteresis are is probably due to changes in the scalp thickness and 

skin properties with age.  Like the bone structure, the scalp thickness changes with age.  

The scalp thickness changes from 3.1mm at the age of 1-month-old to 8.6mm for the 

adult (Loyd et al. 2010; Lee et al. in preparation) (Figure 5-31).  Studies of the scalp 

properties have modeled the scalp as a visceolastic fluid, and finite element models have 

modeled the scalp as an elastic-plastic material.  If these characterizations are biofidelic, 

the scalp will take more time to recover following a compressive load as the scalp gets 

thicker, which occurs as the head ages.  For the younger heads, the smaller scalp 
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thickness may allow the bone structure of the head to play a larger role in the mechanics 

of the head in compression, and therefore cause a faster recovery and lower hysteresis.  In 

fact, this is reflected in the compression test results.  Likewise, the skin of younger people 

contains more elastin and collagen and hence has a faster recovery time than the skin of 

older people (Agache et al. 1980; Batisse et al. 2002; Silver et al. 2002).  This could also 

explain why the hysteresis of the human head increases with age.   

 
Figure 5-31:  Scalp thickness versus age, illustrating the increase in thickness as age increases.    The 

pediatric scalp thicknesses are in black and will be presented in Chapter 11 (Loyd et al. 2010).  The 

average adult thickness is in blue and was taken from Lee et al. (Lee et al. in preparation).  The error 

bars are the standard errors.   

  

5.5.2 Effect of Compression Direction and Normalized Rate 

 Both compression direction and normalized-rate were found to be not statistically 

significant in this study.  This is mainly due to the large variance that was observed.  

Initially, the independence of stiffness from compression direction could be a unique 
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property of the neonate head.  As a neonate, the bones are more curved and the head is 

more spherical than the adult head (Silau et al. 1995).  These factors may allow the head 

to have similar stiffness values in two directions.   This is plausible because it could be 

another characteristic of head designed for the birth process, as the head is compressed in 

multiple directions during this event.  However, the adult heads in this study were also 

found to be independent of compression direction.  This is in conflict with previous 

studies (Hodgson et al. 1967; Thomas et al. 1968).  This outcome could have resulted 

from the fact that not all of the heads could be tested in the anterior-posterior direction 

due to problems with the head sliding out of the platens or due to skin  removed from the 

occiput during neck testing (Dibb et al. 2009).  These testing difficulties probably caused 

the directional differences of adult head stiffness not be apparent in the data.   

 Normalized rate was shown to increase the stiffness across all age groups for both 

small-compression and large-compression stiffness; however, it was only statistically 

significant in the large-compression stiffness of heads 11-month-old and younger.  This 

rate dependence comes from both the skin, which has been shown to be viscoelastic, and 

the suture and fontanelle, which have shown rate dependence in research conducted as 

part of this study, but not analyzed in this dissertation (Figure 5-32) (Agache et al. 1980; 

Silver et al. 2002).  Normalized rate not being a statistical predictor of small-compression 

stiffness could be due to the toe-regions in the stiffness of the sutures and fontanelle.  

When the head is under a small amount of compression the sutures and fontanelle are lax 

and don’t support a load.  This may mean the bones are slide relative to each other and 
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may cause the rate-independence.  The adult heads did not register a rate dependence due 

to the large variance observed and the testing restrictions.   

 
Figure 5-32:  Average suture area stiffness by specimen and velocity tests.  This demonstrates that 

the suture areas are rate-dependent and could cause the large-compression stiffness of the younger 

heads to be rate-dependent.   

 

5.5.3 ATD Stiffnesses and Hystereses 

 The ATD heads were found to be dependent on ATD head type, compression 

direction and normalized rate for both small-compression and large-compression 

stiffness.  It should be noted that the ATD heads were not dependent on normalized-rate 

for the large-compression stiffness; however, this was due to the removal of fits that 

exceeded 8000N.  The ATD heads differed from each other by design, as the ATD heads 

typically had higher stiffness values for higher represented-age.  The ATDs were 

generally designed to have a higher resultant acceleration response during impact as the 
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represented-age of the ATD increased.  The increase in stiffness with represented-age 

could be a by-product of the design to produce a higher resultant acceleration.  This point 

is buttressed by the fact that for each ATD head that had a higher AP quasi-static small-

compression stiffness, it also had a higher forehead resultant acceleration response (the 

forehead is the location for which the acceleration response was honed) (Figure 5-14 and 

Figure 5-33).  The 3-year-old Q3 was the only ATD that did not follow the represented-

age and stiffness trend.  In fact, the 3-year-old Q3 was 2.4 times stiffer in the AP 

direction than the adult Hybrid III, which had the second highest AP small-compression 

stiffness.  The reason for the difference again could be design, as the 3-year-old Q3 head 

has impact response requirements that are higher than those of  all the other child ATDs 

(Chapter 6) (van-Ratingen et al. 1997; de-Jager et al. 2005).    
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Figure 5-33:  Peak forehead resultant acceleration for the ATDs.  Compare this graph to Figure 5-14.  

It shows that as the ATD head had higher anterior-posterior quasi-static stiffness, it also had a 

higher forehead resultant acceleration.  * denotes that the impact resultant acceleration was 

statistically lower than the 3-year-old Q3 30cm forehead resultant acceleration, according the Tukey-

Kramer method (p<0.05).  % denotes that the impact resultant acceleration was statistically lower 

that the 3-year-old Q3 15cm forehead resultant acceleration according to the Tukey-Kramer method 

(p<0.05). 

 For all but one of the ATDs, the lateral direction was stiffer than the anterior-

posterior direction, with the 3-year-old Q3 being the exception.  Again, this difference 

could be due to design specifications, as the forehead was designed for impact 

specifications while the rest of the head was probably designed to meet inertial property 

criteria.  The skin thicknesses of ATDs vary around the head.  It is possible that the 

lateral skin thickness was honed to meet mass or center of gravity requirements without 

any stiffness or impact considerations.  Overall, the 3-year-old Q3 head exhibited a 

lateral stiffness less than the AP stiffness probably because it had side impact 

requirements for the head (van-Ratingen et al. 1997).   
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The rate dependence for all of the ATDs is due to the viscoelastic rubber skin that 

encompasses each ATD head.  This means that the ATD head’s compression response is 

mostly governed by the outer rubber skin, as opposed to the internal aluminum structure 

(Foster et al. 1977; OCS 2001b; OCS 2001a; OCS 2002; OCS 2005).  The differences in 

amount of rate sensitivity can be seen in the different skin types used for the ATDs 

(Figure 5-34).  The most rate-sensitive were the ATDs with vinyl skin, the 6, 10-year-old 

and adult Hybrid IIIs (Table 5-10).  The 6-month and 12-month CRABI had the skin 

structure that matched each other and they were the least rate-sensitive.  The 3-year-old 

hybrid III and the 3-year-old Q3 also had their own distinct skin covering.  This rate 

sensitivity analysis is also tied to the impact hysteresis analysis that will be presented in 

the Chapter 6.  The heads that were the most rate-sensitive had the highest hysteresis 

values, and the heads that were the least rate-sensitive head the lowest hysteresis values.  

For example, the adult Hybrid III had the highest impact hysteresis values for the vertex 

and forehead impacts and it had some of the highest rate-sensitivity. Likewise, the 6-

month CRABI, 12-month CRABI and 3-year-old Q3 had the lowest impact hysteresis 

and they were the least rate-sensitive (Table 5-10 and Table 5-11).   
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Figure 5-34:  Picture of the ATD heads showing the differences in structure and skin.  This could 

explain the differences in hysteresis and rate dependence between the ATD heads.   
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Table 5-11:  Listing of the specimens with the highest and lowest impact hysteresis for each drop.  

Compare this table to Table 5-10.   The impact hystereses are presented in Chapter 6.  The heads 

that tended to be the most rate-sensitive had the highest impact hysteresis, while the heads that 

tended to be the least rate-sensitive had the lowest impact hysteresis.  The highest impact hysteresis 

came from the 10-year-old Hybrid III and Adult HIII.  The 6-month CRABI and the 3-year-old Q3 

produced the lowest impact hysteresis. 

Drop Highest Hysteresis Lowest Hysteresis 

15cm occiput 10-year-old HIII 6-month CRABI 

15cm forehead Adult HIII 12-month CRABI 

15cm vertex Adult HIII 6-month CRABI 

15cm Left parietal 10-year-old HIII 3-year-old Q3 

15cm Right parietal 10-year-old HIII 3-year-old Q3 

30cm occiput 10-year-old HIII 6-month CRABI 

30cm forehead Adult HIII 3-year-old Q3 

30cm vertex Adult HIII 6-month CRABI 

30cm left parietal 10-year-old HIII 3-year-old Q3 

30cm right parietal  10-year-old HIII 12-month CRABI 

 

 The ATDs also showed rate-dependency for the impact tests of 15cm and 30cm, 

shown in Chapter 6.  This means that the rate-dependency holds for low compression 

rates and from impact rates caused by 30cm.  This is again due to the skin surrounding 

the heads.   At some point, higher velocities would cause the skin of the ATDs to bottom 

out, causing the impact mechanics to be controlled by the underlying structure beneath 

the ATD skin.  This could lead to a reduction in the rate dependency of the impact 

mechanics at these higher velocities for ATD heads that have metal or ceramic structures 

under their skin (3, 6, 10 and Adult HIIIs).  For heads that are comprised of no underlying 

structure, the head impact mechanics will remain rate-dependent (6-month and 12-month 

CRABIs).  The 3-year-old Q3 had a plastic inner structure, and this author could not find 
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the viscoelastic properties of this material nor whether the head impact mechanics would 

be rate-dependent in high-rate impacts (van-Ratingen et al. 1997; Maurath 2007).   

 The ATD hystereses were also found to be dependent on ATD head type.  The 

three Hybrid III heads that were constructed using the same basic design (6-year-old HIII, 

10-year-old HIII and Adult HII) had the highest hysteresis.   The differences between the 

hystereses of the ATD heads has to do with differences in material, skin thickness and 

geometry (radius of curvature at the compression site) (Figure 5-34).    

5.5.4 ATD-Human Stiffness Comparisons 

 The stiffness comparison between the 6-month CRABI and the 5-month-old 

demonstrated that the stiffness values were much closer in the anterior-posterior direction 

than the lateral direction, but there was still a 28% and 58% difference in the anterior-

posterior small- and large-compression stiffnesses between the two heads.  For the 12-

month CRABI and the 11-month-old comparison, the opposite was true.  The lateral 

stiffness differences were within 25% and 9% for the small- and large-compression.  The 

10-year-old Hybrid III was on average 42% stiffer than the 9-year-old for small-

compression in the lateral direction, but was more than twice as stiff for large–

compression in this direction.  The adults and the Adult Hybrid III was the only 

comparison that could be compared statistically, and two were found to be statistically 

the same for the eight compression tests.  However, this comparison should be taken with 

caution, as the adult small-compression stiffness could be dependent on the initial 

conditions of the compression event.   
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 In general, the low-rate structural stiffness comparisons should be used with 

caution when it comes to head impact injuries.   The ATD heads were designed to match 

the impact response of the human head and not the structural stiffness.  Chapter 6 will 

fully investigate the difference between the structural stiffnesses and contact stiffnesses, 

and show that head impacts (both of ATD and human heads) are governed by the local 

contact stiffness and not the structural stiffness.  Also, a close relationship between the 

ATD and human structural stiffness values does not imply a close relationship between 

impact responses.  The one exception was the Hybrid III, which matches the adult head in 

small-compression structural stiffness, impact stiffness, resultant acceleration and HIC.   

5.5.5 Child Birth 

 No fractures were observed from the compression of the neonate heads.  This 

confirms that during a typical childbirth, skull fractures are highly unusual.  A study 

conducted by Rubin in the 1960s showed that one skull fracture occurred for 15435 

normal births (Rubin 1964).  In the 1990s, Bhat et al. showed that four skull fractures 

occurred during 35,000 normal births (Bhat et al. 1994; Bilo et al. 2010).   The findings 

of this study provide support for the hypothesis put forth by Lapeer and Prager that the 

neonate head is compressed 5% during childbirth, since this study showed that the 

neonatal head can be compressed by 5% without injury (Lapeer and Prager 2001).  The 

large-compression stiffness values for the neonates ranged from 5N/mm (P06M) to 

47N/mm (P03M).  Using these values, it is estimated that the mother and child are 

exposed to between 29N and 200N of compressive force during childbirth.   
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The current dataset can be used to assist in the development of head models for 

both pediatric heads and adult heads.  The adult data can provide low load stiffnesses of 

the head while the pediatric data can be used for the structural stiffness validation of 

finite element models.  In addition, the stiffness values, fits and mechanical observations 

can be used help determine how to model the pediatric and adult head, whether as 

viscoelastic or fluid, or whether nonlinearly or linearly (Chapter 6 and 7).   The neonate 

head data provides the first collection of measured child head compression values that 

can be applied to pediatric birth and can be used in the field of obstetrics.  However, it is 

recommended that the ATD heads should still be designed to match impact responses 

first, before being designed to match the overall stiffness responses.   

5.5.6 Limitations 

 This study has numerous limitations.  The major limitation of this study was that 

the heads were compressed at low loads to ensure that no fracture would occur.  This 

resulted in force and displacement limits to be placed on the heads.  This caused all of the 

heads to be compressed to different displacement levels, which prevents direction 

comparisons between the results.  Instead, fits of the force-displacement curves were used 

to draw comparisons.  The second limitation is the boundary condition used during the 

head compression test.  Saline soaked gauzed was used to loosely cover the foramen 

magnum, allowing the intracranial content to flow out of the head during compression 

test.  This does not perfectly match the human head, and it is unclear how this end 

condition affects the compression properties of the human head.  However, this was 
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performed because cerebral spinal fluid is incompressible and would be free move out of 

the foramen magnum in a slow-rate non-impact compressive event.  Furthermore, 

previous researchers have also allowed the intracranial content to flow freely out of the 

foramen magnum (Thomas et al. 1968; Prange et al. 2004).   The third limitation was the 

difficulties in compressing the heads in the anterior-posterior direction.  Some tests could 

not be run because the skin was removed from the occiput due to previous neck testing 

(Dibb et al. 2009).  Moreover, the older heads tended to slide out of the compression 

plates during the anterior-posterior tests due to anatomy or body habitus.  Sandpaper had 

to be used for some tests to prevent the heads from sliding out, and in some cases the 

anterior-posterior tests could not even be run.  Lastly, the head compression tests were 

carried out after a battery of head drop tests.  A compression event would most likely be a 

single event in a real-life scenario, and not a follow-up to numerous head impacts.  

Additionally, the 11-month-old sustained a stable fracture during the head drop tests.  

This could lessen the stiffness response of the 11-month-old head in compression. 

5.6 Conclusion 

 This chapter provides novel data and fits of the structural stiffness properties of 

the pediatric head, as well as and low-load data on the stiffness properties of the adult 

head.  Age was found to be the dominant factor in determining the stiffness of the head, 

as the as the small-compression and large-compression stiffnesses increased by 3 and 4 

magnitudes across the ages (Figure 5-30).  The stiffness of the head was shown to 

increase with rate across all ages as well, and normalized-rate was a statistically 



 

 

86 

significant predictor of stiffness for heads 11-months-old and younger.  All of the ATD 

heads were shown to increase in stiffness with represented age except for the 3-year-old 

Q3, and they were further found to be compression rate dependent.  Additionally, the 

ATD head stiffnesses also changed with the compression direction, with the lateral 

direction usually being stiffer.  Lastly, the small-compression stiffness of the Adult 

Hybrid III was found to be statistically the same as the adult heads for compression tests.   
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5.7 Appendix 

Table 5-12:  The measured stiffness, small-compression stiffness and large-compression stiffness for 

each head compression tests. Also, the hysteresis and coefficients A and B a non-linear fit of the data 

Equation 5-1.  This shows specimen P02F to P06M.   

Specimen 
Age 

Group Age Direction 
Normalized 
Rate (1/s) 

Measured 

Stiffness 

(N/mm) 

Small 

Comp 

Stiffness 

(N/mm) 

Large 

Comp 

Stiffness 

(N/mm) Hysteresis A B 

P02F 
Pre-

mature 

20-

week-
gest. 

Lateral 0.01 5.0 0.4 0.9 52% 0.25 0.726 

Lateral 0.1 6.6 0.5 1.2 49% 0.30 0.738 

Lateral 0.3 
 

1.0 2.0 61% 0.90 0.594 

AP 0.0005 1.3 0.9 1.0 

 

10.38 0.078 

AP 0.01 1.6 0.6 0.9 43% 1.93 0.238 

AP 0.1 2.1 0.7 1.0 41% 1.60 0.290 

AP 0.3 2.3 0.9 1.3 49% 2.02 0.291 

P03M Neonate 3 day 

Lateral 0.0005 9.8 6.7 10.0 59% 17.90 0.250 

Lateral 0.01 34.7 15.0 31.3 41% 16.20 0.450 

Lateral 0.1 44.7 19.2 40.8 40% 20.00 0.460 

Lateral 0.3 44.6 24.2 47.2 41% 30.60 0.410 

AP 0.0005 5.6 3.6 5.9 65% 9.00 0.250 

AP 0.01 26.7 14.4 28.2 44% 22.00 0.340 

AP 0.1 34.8 15.6 35.1 41% 17.20 0.410 

AP 0.3 35.4 19.8 46.3 44% 20.00 0.430 

P05F Neonate 1 day 

Lateral 0.0005 6.8 4.1 6.8 60% 8.20 0.300 

Lateral 0.01 21.1 8.2 20.7 38% 6.30 0.530 

Lateral 0.1 25.4 10.5 25.1 40% 9.00 0.500 

Lateral 0.3 22.8 13.3 28.5 45% 14.30 0.440 

AP 0.0005 9.7 6.5 10.4 47% 16.20 0.250 

AP 0.01 13.5 8.2 13.3 38% 20.60 0.250 

AP 0.1 15.8 10.2 15.9 38% 28.90 0.230 

AP 0.3 15.4 12.0 17.3 42% 44.30 0.190 

P06M Neonate 
11 
day 

Lateral 0.0005 7.2 5.6 7.6 63% 24.30 0.170 

Lateral 0.01 21.3 9.0 22.1 30% 7.60 0.490 

Lateral 0.1 34.9 15.5 35.4 
 

15.40 0.450 

AP 0.0005 5.5 2.8 5.5 62% 4.60 0.320 

AP 0.01 22.1 12.9 22.6 46% 27.70 0.270 

AP 0.1 23.8 11.3 24.4 

 

14.40 0.370 
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Table 5-13:  The measured stiffness, small-compression stiffness and large-compression stiffness for 

each head compression tests. Also, the hysteresis and coefficients A and B a non-linear fit of the data 

Equation 5-1.  This shows specimen P07M to P12M.   

Specimen 
Age 

Group Age Direction 
Normalized 
Rate (1/s) 

Measured 

Stiffness 

(N/mm) 

Small 

Comp 

Stiffness 

(N/mm) 

Large 

Comp 

Stiffness 

(N/mm) Hysteresis A B 

P07M Neonate 

33-

week-

gestation 

Lateral 0.0005 11.2 11.5 15   53.36 0.166 

AP 0.0005 12.1 8.6 13 49% 26.31 0.219 

AP 0.01 22.8 17.7 23.2 41% 93.45 0.145 

AP 0.1 27.5 19.4 27.4   73.86 0.186 

P08M Neonate 

37.5-

week-
gestation 

Lateral 0.0005 8.1 4.2 8.2 64% 5.95 0.364 

Lateral 0.01 19.6 6.4 19.5 44% 3.58 0.599 

Lateral 0.1 27.1 8.9 27.2 46% 4.98 0.599 

Lateral 0.3 25.2 10.6 29.2 50% 7.24 0.545 

AP 0.0005 4.4 3 4.2 62% 13.84 0.15 

AP 0.01 11 5.5 11.1 43% 9.4 0.292 

AP 0.1 14.1 7.4 14.3 44% 13.95 0.275 

AP 0.3 15.1 9.2 16.1   22.5 0.234 

P13F Neonate 
34-

week-

gestation 

Lateral 0.0005 9.2 5.8 9.5 58% 10.29 0.353 

Lateral 0.01 21.6 10.2 21.7 44% 9.09 0.541 

Lateral 0.1 28 13.4 28.1 40% 12.16 0.534 

Lateral 0.3 30.9 17.2 33.4 40% 18.92 0.477 

AP 0.0005 9.4 6.9 9.8 57% 29.51 0.168 

AP 0.01 16.2 8.8 16.4 39% 15.68 0.304 

AP 0.1 21.5 11.8 21.6 38% 22.32 0.293 

AP 0.3 23.8 14.1 24.7 41% 29.47 0.274 

P12M Toddler 5-month 

Lateral 0.0005 41.5 20.8 42.9 42% 29.42 0.346 

Lateral 0.01 53.4 25.6 53.5 36% 35.3 0.352 

Lateral 0.1 61.7 30.4 61.7 39% 44.76 0.338 

Lateral 0.3 65.4 37.1 68.8 44% 68.39 0.296 

AP 0.0005 36.9 27 41.7 56%     0.174 

AP 0.01 57.8 28.3 59.4 40% 46.39 0.295 

AP 0.1 66.3 33 68.2 40% 56.27 0.288 

AP 0.3 71.1 36.8 76.4 41% 61.74 0.291 
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Table 5-14:  The measured stiffness, small-compression stiffness and large-compression stiffness for 

each head compression tests. Also, the hysteresis and coefficients A and B a non-linear fit of the data 

Equation 5-1.  This shows the pediatric specimen P14M to P21F.   

Specimen 
Age 

Group Age Direction 
Normalized 
Rate (1/s) 

Measured 

Stiffness 

(N/mm) 

Small 

Comp 

Stiffness 

(N/mm) 

Large 

Comp 

Stiffness 

(N/mm) Hysteresis A B 

P14M Toddler 
9-

months 

Lateral 0.0005 37.2 16.5 38.9 50% 19.58 0.362 

Lateral 0.01 52.7 17.1 53.4 42% 11.94 0.475 

Lateral 0.1 73.9 26.4 75.2 41% 21.66 0.439 

Lateral 0.3 73.8 28.7 80.2 43% 24.51 0.43 

AP 0.0005 39.4 20.9 41.4 60% 47.44 0.225 

AP 0.01 53.6 19.3 54.7 50% 20.58 0.34 

AP 0.1 75.2 29.1 76 48% 36.17 0.314 

AP 0.3 82.3 32.2 85.2 47% 39.24 0.318 

P15F Toddler 
11-

months 

Lateral 0.0005 65.3 30.4 68 44% 40.29 0.343 

Lateral 0.01 77.1 34.5 81 40% 41.06 0.363 

Lateral 0.1 93.4 43.4 97.3 42% 57.14 0.344 

Lateral 0.3 97 48.3 101.8 44% 73.34 0.317 

AP 0.0005 110.9 54.4 137.8 53% 67.76 0.324 

AP 0.01 109 52.8 203.4 46% 30.64 0.466 

AP 0.1 145.1 80.3 249.4 45% 67.79 0.393 

AP 0.3 169.2 95.4 305.9 41% 75.9 0.404 

P18M Youth 9-years 

Lateral 0.0005 198.4 180.5 812.2 57% 72.32 0.584 

Lateral 0.01 296 392.7   40% 9.78 1.339 

Lateral 0.1 359.5 582.3   43% 20.86 1.232 

Lateral 0.3 378.3 540.8   47% 61.82 0.904 

P21F Youth 16-years 

Lateral 0.0005 256.6 317.9 3924.5 62% 32.84 0.884 

Lateral 0.01 327.3 1917.5   42% 9.99 1.706 

Lateral 0.1 388.4 2206.7   50% 21.26 1.53 

Lateral 0.3 419.5 1989   59% 41.25 1.314 

AP 0.0005 184.1 154.2 4776.1 66% 6.72 0.911 
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Table 5-15:  The measured stiffness and small-compression stiffness for each head compression tests. 

Also, the hysteresis and coefficients A and B a non-linear fit of the data Equation 5-1.  This shows the 

adult specimen.   

Specimen 

Age 

Group Age Direction 

Normalized 

Rate (1/s) 

Measured 
Stiffness 

(N/mm) 

Small Comp 
Stiffness 

(N/mm) Hysteresis A B 

A02M Adult 53-year 

AP 0.0005 456 319.2 74% 46.06 0.637 

AP 0.01 417.6 859.7 63% 8.67 1.164 

AP 0.1 529.4 1007.4 47% 66.55 0.786 

AP 0.3 428.7 678.3 73% 76.62 0.683 

A03M Adult 56-year Lateral 0.0005 600 675.6 58% 242.61 0.601 

A04M Adult 59-year 

Lateral 0.0005 396 568.7 70% 163.83 0.577 

Lateral 0.01 525.7 9216.3 45% 10.91 1.885 

Lateral 0.1 654.6 9601.3 53% 25.75 1.678 

A01M Adult 61-year Lateral 0.0005 603.2 523.2 59% 73.96 0.665 

A05M Adult 58-year 

Lateral 0.0005 728 7234.1 48% 9.1 2.044 

Lateral 0.01 1148.9 178751.7 31% 5.11 3.118 

Lateral 0.1 1184.9 84097.7 36% 17.33 2.556 

Lateral 0.3 1103.3 58888.4 51% 23.35 2.37 

A06M Adult 67-year 

Lateral 0.0005 239 32.8 64% 7.53 0.658 

Lateral 0.01 294.9 132.9 49% 3.04 1.226 

Lateral 0.1 347.7 171.7 56% 5.6 1.133 

Lateral 0.3   253.2 64% 13.97 1 

A07M Adult 67-year 

Lateral 0.0005 273 89.8 48% 20.87 0.642 

Lateral 0.01 464.4 457.5 39% 28.69 0.945 

Lateral 0.1 555.3 664.4 40% 62.68 0.848 

Lateral 0.3 618 667.8 44% 174.02 0.618 

AP 0.0005 277 282.8 71% 77.06 0.497 

AP 0.01 374.4 859.7 44% 4.8 1.208 

AP 0.1 557.8 1474.9 57% 68.96 0.805 

AP 0.3 628.3 1204.1 55% 80.46 0.74 
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Table 5-16:  The measured stiffness and small-compression stiffness for each head compression tests. 

Also, the hysteresis and coefficients A and B a non-linear fit of the data Equation 5-1.  This table 

shows three of the seven ATD specimens.   

Specimen 
ID 

ATD 
Name Direction 

Normalized 
Rate (1/s) 

Measured 

Stiffness 

(N/mm) 

Small 

Comp 

Stiffness 

(N/mm) 

Large 

Comp 

Stiffness 

(N/mm) Hysteresis A B 

D01D 

Adult 

Hybrid 
III 

Lateral 0.0005 351.5 373.2 1387.5 36% 242.36 0.430 

Lateral 0.01 394.0 634.5   33% 156.65 0.626 

Lateral 0.1 505.0 861.9   35% 166.68 0.680 

Lateral 0.3 499.6 970.6   40% 165.75 0.707 

AP 0.0005 215.0 312.7   29% 145.31 0.425 

AP 0.01 312.0 458.8   27% 177.75 0.455 

AP 0.1 393.4 609.6   26% 164.76 0.515 

AP 0.3 391.3 643.8   30% 172.56 0.517 

D02D 
12-

month 

CRABI 

Lateral 0.0005 72.9 41.7 73.9 9% 99.1 0.24 

Lateral 0.01 87.1 46.6 88.5 10% 92.33 0.268 

Lateral 0.1 92.5 50.8 93.6 19% 108.95 0.256 

Lateral 0.3 93.3 54.1 98.1 26% 120.96 0.249 

AP 0.0005 32.3 21.3 33.2 5% 92.31 0.148 

AP 0.01 35 23.3 35.8 6% 106.81 0.143 

AP 0.1 32.7 22.1 33.5 11% 105.17 0.139 

AP 0.3 37.3 25.4 38.7 13% 120.27 0.14 

D03D 
3-year-
old HIII 

Lateral 0.0005 411.8 311 1858.4 17% 82.46 0.674 

Lateral 0.01 421.9 383.6   14% 83.93 0.721 

Lateral 0.1 461.1 429   18% 94.6 0.719 

Lateral 0.3 439.1 445.7   22% 97.55 0.721 

AP 0.0005 125.5 47.2 125.6 16% 61.21 0.296 

AP 0.01 137.7 46.8 139.6 15% 49.02 0.329 

AP 0.1 159.6 55.3 161.7 18% 60.16 0.323 

AP 0.3 163.8 58.8 175.3 22% 61.63 0.329 
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Table 5-17:  The measured stiffness and small-compression stiffness for each head compression tests. 

Also, the hysteresis and coefficients A and B a non-linear fit of the data Equation 5-1.  This table 

shows data for three of the seven ATD specimens.   

Specimen 

ID 

ATD 

Name Direction 

Normalized 

Rate (1/s) 

Measured 

Stiffness 

(N/mm) 

Small 
Comp 

Stiffness 

(N/mm) 

Large 
Comp 

Stiffness 

(N/mm) Hysteresis A B 

D04D 
6-year-

old HIII 

Lateral 0.0005 361.3 285.6 1252.2 49% 125.02 0.545 

Lateral 0.01 443.6 458.6   35% 89.76 0.735 

Lateral 0.1 572.2 644.4   28% 81.14 0.846 

Lateral 0.3 650.3 694.7   30% 84.37 0.855 

AP 0.0005 235.3 137.3 470.2 51% 115.07 0.361 

AP 0.01 280.8 227 1223.4 36% 91.78 0.487 

AP 0.1 389.1 317.2   29% 87.24 0.56 

AP 0.3 411.4 336.3   28% 81.36 0.585 

D05D 
10-year-

old HIII 

Lateral 0.0005 397.7 377.4 1984.6 26% 127.39 0.597 

Lateral 0.01 422.6 522.3   16% 85.72 0.767 

Lateral 0.1 480.9 613.6   18% 97.39 0.776 

Lateral 0.3 453.4 654.6   23% 109.82 0.762 

AP 0.0005 266 211.7 767.4 41% 164.69 0.368 

AP 0.01 287.7 358.2   20% 110.56 0.53 

AP 0.1 348.7 453.5   21% 100.65 0.592 

AP 0.3 325.7 453.9   24% 110.74 0.574 

D06D 
3-year-
old Q3 

Lateral 0.0005 367.5 305.8 1378.2 7% 128.12 0.555 

Lateral 0.01 400.8 420.6   8% 165.71 0.569 

Lateral 0.1 422.5 444.4   9% 173.2 0.571 

Lateral 0.3 435 457.3   10% 178.37 0.571 

AP 0.0005 433.6 753.3   12% 168.65 0.595 

AP 0.01 458.8 879.5   14% 181.25 0.611 

AP 0.1 501 927.2   17% 206.6 0.596 

AP 0.3 489.1 1023.7   18% 184.85 0.637 
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Table 5-18:  The measured stiffness, small-compression stiffness and large-compression stiffness for 

each head compression tests. Also, the hysteresis and coefficients A and B a non-linear fit of the data 

Equation 5-1.  This table shows the data for the 6-month-old CRABI. 

Specimen 

ATD 

Name Direction 

Normalized 

Rate (1/s) 

Stiffness 

(N/mm) 

Small 
Comp 

Stiffness 

(N/mm) 

Large 
Comp 

Stiffness 

(N/mm) Hysteresis A B 

D07D 
6-month 

CRABI 

Lateral 0.0005 62.4 96.7 360.8 29% 
48.90 0.560 

Lateral 0.01 82.9 113.4 294.6 23% 
108.30 0.410 

Lateral 0.1 95.1 134.0 358.0 22% 
117.20 0.430 

Lateral 0.3 95.7 145.3 389.0 20% 
124.40 0.440 

AP 0.0005 18.5 17.9 21.0 28% 
274.50 0.060 

AP 0.01 22.4 21.2 25.9 21% 
253.00 0.070 

AP 0.1 26.2 24.7 30.4 22% 
279.20 0.070 

AP 0.3 28.7 27.0 34.1 21% 
211.50 0.100 

 

Table 5-19:  Tests removed from large-compression stiffness analysis because the fit exceed the 

8000N limit.   8000N was set as the limit because the human head would fracture with a load higher 

than this (McElhaney et al. 1972)(Figure 5-1).   

Specimen AP Tests Removed RL Tests Removed 

6-month CRABI N/A N/A 

12-month CRABI N/A N/A 

3-year-old Hybrid III N/A 0.01/s to 0.3/s 

3-year-old Q3 0.01/s to 0.3/s 0.01/s to 0.3/s 

6-year-old Hybrid III 0.1/s and 0.3/s 0.01/s to 0.3/s 

10-year-old Hybrid III 0.01/s to 0.3/s 0.01/s to 0.3/s 

Adult Hybrid III 0.01/s to 0.3/s All 
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Figure 5-35:  Force-deflection curves for the P02F (20-week-gestation) anterior-posterior head 

compression tests.  The red lines are the non-linear regressions.   
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Figure 5-36:  Force-deflection curves for the P02F (20-week-gestation) lateral head compression tests.  

The red lines are the non-linear regressions.   
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Figure 5-37:  Force-deflection curves for the P03M (3-day-old) anterior-posterior head compression 

tests.  The red lines are the non-linear regressions.   
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Figure 5-38:  Force-deflection curves for the P03M (3-day-old) lateral head compression tests.  The 

red lines are the non-linear regressions.   
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Figure 5-39:  Force deflection curves for the P05F (1-day-old) anterior-posterior head compression 

tests.  The red lines are the non-linear regressions.   
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Figure 5-40:  Force-deflection curves for the P05F (1-day-old) lateral head compression tests.  The 

red lines are the non-linear regressions.   
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Figure 5-41:  Force-deflection curves for the P06F (11-day-old) anterior-posterior head compression 

tests.  The red lines are the non-linear regressions.   
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Figure 5-42:  Force-deflection curves for the P06F (11-day-old) lateral head compression tests.  The 

red lines are the non-linear regressions.   

 



 

 

102 

 

Figure 5-43:  Force-deflection curves for the P07M (33-week-gestation) anterior-posterior head 

compression tests.  The red lines are the non-linear regressions.   
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Figure 5-44:  Force-deflection curve for the P07M (33-week-gestation) lateral (RL) head compression 

test.  The red line is the non-linear regression.   
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Figure 5-45:  Force-deflection curves for the P08M (37.5-week-gestation) anterior-posterior head 

compression tests.  The red lines are the non-linear regressions.   
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Figure 5-46:  Force-deflection curves for the P08M (37.5-week-gestation) lateral (RL) head 

compression tests.  The red lines are the non-linear regressions.   
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Figure 5-47: Force-deflection curves for the P12M (5-month-old) anterior-posterior (AP) head 

compression tests.  The red lines are the non-linear regressions.   

 



 

 

107 

 

Figure 5-48:  Force deflection curves for the P12M (5-month-old) lateral (RL) head compression 

tests.  The red lines are the non-linear regressions.   
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Figure 5-49:  Force-deflection curves for the P13F (34-week-gestation) lateral (RL) head compression 

tests.  The red lines are the non-linear regressions.   
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Figure 5-50:  Force-deflection curves for the P13F (34-week-gestation) lateral (RL) head compression 

tests.  The red lines are the non-linear regressions.   
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Figure 5-51:  Force-deflection curves for the P14M (9-month-old) anterior-posterior head 

compression tests.  The red line is the non-linear regression.   
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Figure 5-52:  Force deflection curves for the P14M (9-month-old) RL head compression tests.  The 

red line is the non-linear regression.   
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Figure 5-53:  Force-deflection curves for the P15F (11-month-old) anterior-posterior head 

compression tests.  The red line is the non-linear regression.   
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Figure 5-54:  Force-deflection curves for the P15F (11-month-old) RL head compression tests.  The 

red line is the non-linear regression.   
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Figure 5-55:  Force-deflection curves for the P18M (9-year-old) lateral head compression tests.  The 

red line is the non-linear regression.   
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Figure 5-56:  Force deflection curve for the P21F (16-year-old) anterior-posterior head compression 

test.  The red line is the non-linear regression.   

 

Figure 5-57:  Force-deflection curves for the P21F (16-year-old) lateral head compression test.  The 

red line is the non-linear regression.  
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Figure 5-58:  Force-deflection curves for the A01M (61-year-old) lateral head compression tests.  The 

red lines are the non-linear regressions. 

 
Figure 5-59:  Force-deflection curves for the A02M (53-year-old) lateral head compression tests.  The 

red lines are the non-linear regressions. 
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Figure 5-60:  Force-deflection curves for the A03M (56-year-old) lateral head compression tests.  The 

red lines are the non-linear regressions. 

 

 



 

 

118 

 

Figure 5-61:  Force-deflection curve for the A04M (59-year-old) lateral head compression test.  The 

red line is the non-linear regression. 
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Figure 5-62:  Force-deflection curves for the A06M (67-year-old) lateral head compression tests.  The 

red lines are the non-linear regressions. 
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Figure 5-63:  Force-deflection curves for the A07M (67-year-old) lateral head compression tests.  The 

red lines are the non-linear regressions. 
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Figure 5-64:  Force-deflection curves for the A07M (67-year-old) lateral head compression tests.  The 

red lines are the non-linear regressions. 
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Figure 5-65:  Force deflection curves for the D07D (6-month CRABI) anterior-posterior head 

compression tests.  The red lines are the non-linear regressions. 

 



 

 

123 

 

Figure 5-66:  Force-deflection curves for the D07D (6-month CRABI) lateral head compression tests.  

The red lines are the non-linear regressions. 
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Figure 5-67:  Force-deflection curves for the 12-month CRABI (D02D) AP head compression tests.  

The red lines are the non-linear regressions. 
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Figure 5-68:  Force-deflection curves for the 12-month CRABI (D02D) lateral head compression 

tests.  The red lines are the non-linear regressions. 
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Figure 5-69:  Force-deflection curves for the 3-year-old Hybrid III (D03D) anterior-posterior head 

compression tests.  The red lines are the non-linear regressions. 
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Figure 5-70:  Force-deflection curves for the 3-year-old Hybrid III (D03D) lateral head compression 

tests.  The red lines are the non-linear regressions. 
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Figure 5-71:  Force-deflection curves for the 3-year-old Q3 (D06D) anterior-posterior head 

compression tests.  The red lines are the non-linear regressions. 
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Figure 5-72:  Force-deflection curves for the 3-year-old Q3 (D06D) lateral head compression tests.  

The red lines are the non-linear regressions. 
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Figure 5-73:  Force-deflection curves for the 6-year-old Hybrid III (D04D) anterior-posterior head 

compression tests.  The red lines are the non-linear regressions. 
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Figure 5-74:  Force-deflection curves for the 6-year-old Hybrid III (D04D) lateral head compression 

tests.  The red lines are the non-linear regressions. 
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Figure 5-75:  Force deflection curves for the 10-year-old Hybrid III (D05D) anterior-posterior head 

compression tests.  The red line is the non-linear regression. 
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Figure 5-76:  Force-deflection curves for the 10-year-old Hybrid III (D05D) lateral head compression 

tests.  The red lines are the non-linear regressions. 
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Figure 5-77:  Force-deflection curves for the Adult Hybrid III (D01D) anterior-posterior head 

compression tests.  The red lines are the non-linear regressions. 
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Figure 5-78:  Force-deflection curves for the Adult Hybrid III (D01D) lateral head compression tests.  

The red lines are the non-linear regressions. 
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Chapter 6:  The Impact and Fracture Properties 

of the Pediatric, Adult and ATD Head 

 
6.1 Introduction 

The goal of this chapter was to investigate pediatric, adult and anthropometry test 

device (ATD) heads in impact, as well as to study the effects of drop height, impact 

location, and age on parameters such as peak acceleration, HIC, hysteresis, dynamic 

stiffness and pulse duration.  The ATDs heads were compared against age-matched 

human data to investigate how well they model the biomechanics of the human head.  An 

additional goal was to analyze the fracture properties for the adult and pediatric heads in 

both “non-destructive” and failure impacts.    Lastly, the new head impact data was used 

to evaluate current injury thresholds and injury risk curves. 

6.2 Background 

    Direct head impacts mimic the way that head injury is most likely to occur and 

are thus the most effective way to understand the impact tolerance and response of the 

human head.  Head drop experiments are beneficial in that they provide a proscribed 

manner in which the impact location and energy can be controlled during the impact. 

Such tests were first conducted in 1857 by Hyrtl and are now the current method for 

validating ATDs (Messerer 1880; Foster et al. 1977).  They are used to study parameters 

such as acceleration during impact, injury tolerance, and fracture mechanics of the head 
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and they provide valuable data of the actual response of the head (Gurdjian et al. 1950; 

Hodgson and Thomas 1971b; Yoganandan and Pintar 2004).   

One significant application of head drop experiments is the creation of injury 

tolerance metrics from the acceleration-time responses of head impacts.  For instance, the 

most used head injury metric is the peak linear acceleration of the head during impact 

which is also employed as a design specification for all current  ATDs (Foster et al. 1977; 

van-Ratingen et al. 1997).  It is a simple metric that can be used as an estimate of when 

traumatic brain injury or a concussion will occur (Gurdijan et al. 1966).  Another injury 

metric, the head injury criterion (HIC), is also calculated from the acceleration-time 

response of the head. Currently, it is the standard for estimating when skull fracture and 

irreversible head injury will occur (Kleinberger et al. 1998; Eppinger et al. 1999).  Its 

value is that it combines the acceleration during impact and pulse duration into a single 

metric (Equation 6-1) (Verace 1971).  Other head response parameters such as dynamic 

stiffness, hysteresis and momentum can be obtained from the head drop data and can help 

characterize the mechanics of the head impact.  For example, the pulse duration and 

dynamic stiffness can be used to describe the stiffness response of the head, while the 

hysteresis and change in momentum can explain how energy is dissipated during the drop 

or used to cause rotation.  Finally, post-impact inspection of the head can help identify 

fractures or lacerations that can in turn be related to the previously-stated injury metrics.   
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Equation 6-1 

The majority of the current understanding of head impacts to the adult forehead 

comes from work conducted by Hodgson, while that of lateral impacts comes from work 

conducted by Yoganandan et al. (Hodgson and Thomas 1971a; Yoganandan et al. 2004).  

In the 1970s, Hodgson conducted a series of pendulum tests onto the forehead and found 

that for a drop height of 37.6cm, forehead impacts onto a flat surface resulted in peak 

accelerations between 225 and 275g.  Since no fractures were incurred below this drop 

height for the same test conditions, 37.6cm became the drop height threshold for fracture.  

They also found the fracture force tolerance to be 7636N for forehead impacts onto a 

rigid flat plate (Hodgson et al. 1967; Hodgson and Thomas 1971a).  For the lateral 

impacts, Yoganandan et al. conducted free-fall parietal impacts on the head onto flat 40-

durometer padded surfaces.   In these studies the fracture occurred at HIC levels between 

969 and 3536 and at forces between 5556N and 9918N with a mean force of 7717N 

(Yoganandan et al. 2004).    

The fracture tolerance of the adult head has been extensively, particularly by 

Gurdijain, who studied skull fracture from 1940s to the 1970s (Gurdjian and Webster 

1947; Gurdjian et al. 1950; Lissner and Evans 1958; Gurdijan et al. 1966; Gurdjian 

1975a). Fracture tolerance is important because skull fracture is present with an epidural 

hematoma or a subdural hematoma 90% and 50% of time (Ommaya 1985).  In Gurdjian’s 

work, it was discovered that the occipital region was the most likely to fracture while the 
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parietals were the least likely to fracture.  Gurdjian also showed that the fracture 

properties of dried skull are not the same as intact human heads (Gurdjian and Webster 

1946; Gurdjian and Webster 1947; Gurdjian et al. 1949; Gurdjian et al. 1953).   

Based on the type of fracture, it has been difficult to estimate the severity of the 

impact.   This is because the type of fracture is independent of the force applied to the 

skull  (Lissner and Evans 1958). Moreover, the same applied force can produce a linear 

fracture in one head while causing a stellate fracture in another (Lissner and Evans 1958).  

Likewise, the impact energy is only a slight predictor of the type of fracture: the least 

amount of energy (42-102 Joules) is required to cause a simple linear fracture, while 

slightly more energy is needed to induce complex linear and stellate fractures  (Lissner 

and Evans 1958).  In general, linear fractures result from impacts onto flat surfaces, 

stellate fractures from high velocity impacts onto flat surfaces and depressed skull 

fractures from high energy impacts with relatively small contact areas (DiMaio and 

DiMaio 2001).  In the same manner, the fracture is not a direct indication as to where the 

impact took place and instead can only provide an estimate of the impact location. For 

example, frontal impacts cause fractures that occur in the forehead and extend into the 

orbits and occasionally into the maxilla (DiMaio and DiMaio 2001). Therefore, fractures 

in these locations could indicate that a frontal impact occurred.  

Unlike the adult head, much of the available literature on the biomechanics of 

pediatric head injury and skull fracture has been necessarily speculative due to limited 

quantitative data (Hobbs 1984; Billmire and Myers 1985; Meservy et al. 1986; Leventhal 
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et al. 1993).  As a result, most impact responses for pediatric heads are estimates created 

by applying scaling rules to adult data (Melvin 1995; van-Ratingen et al. 1997; Mertz et 

al. 2001). The major controversy in the field has to do with the association of skull injury 

with abuse which has been debated in medical literature since Kempe et al. discussed the 

battered-child syndrome (Kempe et al. 1962).  It is currently unknown which injuries are 

association with physical abuse and which injuries are associated with accidental fall.   

For the pediatric head, many of these case reports assert that minor falls (from the 

height of a bed, chair, or couch) rarely result in serious head injury or skull fracture, and 

when caretakers suggest that a child has sustained serious injuries from such a fall, abuse 

should be suspected (Hobbs 1984; Billmire and Myers 1985; Leventhal et al. 1993). 

Some of the factors linked to non-accidental injury are diastatic, branching, depressed, 

bilateral, or multiple fractures, though there is no consensus as to which of these fracture 

types suggest that abuse occurred (Hobbs 1984; Billmire and Myers 1985; Meservy et al. 

1986; Leventhal et al. 1993).  A recent review of the existing literature determined 

features that “differentiate fractures resulting from abuse from those sustained from other 

causes” (Kemp et al. 2008). This review identified two major problems in existing 

studies, specifically the difficulty in defining and establishing abuse and the 

inconsistency in the allegations of which, if any, fracture patterns suggest abuse. Because 

of this dearth of viable information, the association between the two is still largely 

unresolved.   
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Because the human skull continues to develop into adulthood, with changing 

structural and material properties, the results of adult skull fracture studies have limited 

application to pediatric head injury (Gurdjian et al. 1950; Hodgson and Thomas 1971b; 

Currey and Butler 1975; Manzanares and Goret-Nicaise 1988; Margulies and Thibault 

2000; Coats and Marguilies 2006).  Nevertheless, using 50 post-mortem human infant 

skulls less than 9-months-old, Weber et. al. analyzed skull fractures from impact heights 

of 820mm onto five different types of surfaces: stone, carpet, foam, camel hair blanket 

and linoleum (Weber 1984b; Weber 1985).  This height was considered reasonable, as a 

child might to fall from a bed or a diaper-changing table of similar height.  In these 

studies, all of the skulls fractured for impacts onto stone tile, a carpet and linoleum with 

three of the fifteen fractured skulls exhibiting fractures  crossing the suture lines (Weber 

1984b).  Furthermore, one out of ten skulls fractured  upon impacting a 2cm thick foam 

mat while  four out of 25 fractured upon impacting an 8cm thick folded camel hair 

blanket (Weber 1985).   

To model adult head impacts, ATD heads were developed to allow study of the 

head impact without the use of cadavers.  In the 1970s, the Hybrid III was developed  as 

“the first human-like crash test dummy” to simulate a human in a car crash (Backaitis and 

Mertz 1994b).  Though it was not the first ATD, it was the first developed to have a head 

impact response that matched biomechanical head data (Hubbard and McLeod 1973b; 

Hubbard 1975; Foster et al. 1977).   It was designed based on Hodgson and Thomas’ data 

from the 37.6cm forehead impact drops onto a rigid plate.  The Hybrid III was designed 
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to respond with peak accelerations between 225g and 275g for 37.6cm forehead impacts.  

This criterion was met by honing the pliable vinyl skin thickness to 11.2mm with a 

variance of less than 0.8mm.  The Hybrid III is still used to test safety standards of all 

cars as of the publication of this dissertation (FMCSA 1998). 

After the Hybrid III, a series of pediatric ATDs were  constructed by the Society 

of Automotive Engineers (SAE) so that they could set and assess safety standards for 

vehicles and child restraint systems (FMCSA 1998).  The objective was to develop 

accurate pediatric ATDs that had the “same level of biofidelity and measurement capacity 

as the Hybrid III dummy” (Mertz et al. 1989).  Thus, SAE developed two sets of 

dummies:   a set of new Hybrid III ATDs that model three, six and 10-year-old children, 

as well as a set of Child Restraint Airbag Interaction (CRABI) dummies that model six, 

12 and 18-month-old children. Unfortunately, there was no child head impact data to use 

as design criteria for either the CRABI or child Hybrid III ATDs.    Instead, the impact 

criteria were set based on scaling rules developed by Melvin and Mertz that assumed the 

head could be analytically modeled as a mass and spring system, with the spring’s 

modulus varying with age (Mertz et al. 1989; Melvin 1995; Kleinberger et al. 1998).   

In a similar fashion, the Europeans started developing the first biofidelic multi-

directional child ATDs in the 1990’s.  The European Enhanced Vehicle Safety 

Committee (EEVS) and Netherlands Organisation for Applied Scientific Research (TNO) 

developed a set of ATDs that  represent ages newborn, 1, 1.5, 3 and 6-years-old called the 

Q-series dummies (de-Jager et al. 2005).  As with other pediatric ATDs, there were no 
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impact properties to use as design criteria and hence scaling rules were used to get 

estimates pediatric impact responses.  These scaling rules, developed by van Ratingen,  

also used an analytical mass-spring model but employed different variables than the 

Melvin model (Melvin 1995; van-Ratingen et al. 1997).     

Currently, HIC is the injury metric in use by the National Highway Traffic Safety 

Administration (NHTSA) for crashworthiness measurements (Equation 6-1)  (NHTSA 

2004).  There are currently two HIC thresholds for the adult; the first is a HIC value of 

1000, representing the 47% chance of skull fracture threshold, while the second is a HIC 

value of 700, denoting the official head injury limitation as set by the NHTSA 

(Kleinberger et al. 1998; Eppinger et al. 1999).  The first HIC threshold, the skull fracture 

standard, was created through a comprehensive analysis of multiple head impact studies, 

as well as the development of fracture (Abbreviate Injury Scale ≥ 2) probability curve 

derived by Hertz (Equation 6-2) (Figure 6-1) (Prasad and Mertz 1985; Hertz 1993; 

Kleinberger et al. 1998). The second HIC threshold, 700, was selected by NHTSA for 

acceleration pulse durations of 15ms or less because it was considered a better predictor 

of head injury, including brain injury, for a head making contact with another object.  

This threshold was initially applied only to adults, but it was later expanded for use down 

to 6 years of age.  For children less than 6-years-old, scaling rules were developed by 

Melvin and Eppinger to scale the adult injury curves and thresholds to these younger ages 

(Melvin 1995; Eppinger et al. 1999).    
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Equation 6-2 

 
Figure 6-1:  The probability of skull fracture (Abbreviate Injury Scale ≥ 2) versus HIC (Kleinberger 

et al. 1998). 

Despite the lack of biomechanical data, attempts have been made to produce 

injury risk curves specific to the 6-month-old.  Klinich et al. used  finite element analysis  

on reconstructions of injurious and non-injurious airbag interactions with a six-month-old 

to set the injury threshold at 85g and 220 HIC (Klinich et al. 2002).  In 2009, Van Ee et 

al. used the 6-month-old CRABI to recreate the Weber pediatric fracture drops.  In doing 

so, the 6-month-old CRABI HIC and acceleration values were used to produce HIC and 

acceleration injury risk curves for the 6-month-old based (Weber 1984a; Weber 1985; 

Van-Ee et al. 2009a). 

Overall, there are still many questions that remain unresolved when it comes to 

the biomechanics of head.  For the pediatric head, basic biomechanical analyses of the 

head are needed.  Even though tremendous effort has been placed into creating scaling 

rules and finite element models (FEMs), none of the scaling rules that are used to 

estimate pediatric properties have been evaluated, nor have the FEMs been benchmarked 
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against cadaveric data (Margulies and Thibault 2000; Coats et al. 2007).  Likewise, the 

development of both adult and pediatric ATDs has been a huge advancement; however, 

validation of the pediatric ATDs has still not taken place.  Lastly, the current child injury 

criteria and injury analyses are, out of necessity, speculative.  The major questions of 

from what height will a fall result in pediatric fracture, and which types of head injury 

point to abuse as opposed to accident remain unanswered.    

The goals of this chapter were to examine the head impact and failure properties 

of the pediatric, adult and ATD heads.  The human heads were tested to understand how 

the impact properties change with age, drop height and impact location. Additionally, the 

failure properties of the heads were studied to understand any fracture patterns. The data 

from the human heads were then compared against age-matched ATDs to assess the 

accuracy of the ATDs.   Finally, the current injury metrics were evaluated against actual 

pediatric data to pinpoint their accuracy.   

6.3 Methods 

Two sets of drops were conducted for this study.  The first set was a collection of 

“non-destructive” drops onto five impact locations and from two drop heights.  These 

tests were conducted to study the impact properties of the head.  The second set was a 

collection of failure drops that were used to study fracture properties of the head.   

For these tests, three sets of heads were tested:  12 pediatric, 7 adult and 7 ATD 

heads (Table 6-1 to Table 6-3).  The “non-destructive” drop tests were performed 

following a neck testing series and prior to head compression tests (Chapter 5) (Luck et 
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al. 2008; Dibb et al. 2009).  The cadaver heads were dissected from the neck at the 

atlanto-occipital joint.  The mandibles of all specimens had been removed during the 

prior neck testing and remained detached for all head drop tests.  The head 

circumferences, lengths and widths were measured.  Both external auditory meati 

(EAMs) were marked with pins,  as were both infraorbital foramen (IOF),  while the 

Frankfort plane was marked with a line drawn from the EAM to the IOF using a sharpie  

pen  (Walker et al. 1973).   Each head was filled with saline (0.9% NaCl solution) to 

remove all air voids.  Then the heads were sealed at the occipital condyles with 

polymethylmethacrylate (PMMA) to contain all intracranial contents during the head 

drop tests.  Markers were placed randomly on each head using medical tape in order to 

track motion.   Finally, each head was weighed to determine head drop mass. 
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Table 6-1:  Pediatric heads used in head impact tests. 

Specimen 
ID Age Sex Race Cause of death 

Failure 
drop 

P13F 34-week-gest. F Unknown Unknown No 

P07M 33-week-gest. F Unknown Unknown No 

P08M 37.5-week-gest. M Caucasian Pulmonary Hypoplasia No 

P05F 1-day-old F Caucasian Diaphragmatic hernia No 

P03M 3-day-old M Caucasian 
Ischemic encephalopathy; cerebral 

infarction No 

P06F 11-day-old F Black 
Non-immune hydrops fetalis;  

intercranial hemorrhage No 

P12M 5-month-old M Black Respiratory failure Yes 

P14M 9-month-old M Black 
Chronic obstructive plumonary 

Disease Yes 

P15F 11-month-old F Caucasian SIDS, renal failure Yes 

P17F 22-month-old F Caucasian Non-Hodgkins lymphoma No 

P18M 9-years-old M Black 
End stage renal disease; secondary:  

Hyperkalemia Yes 

P21F 16-years-old F Caucasian Seizure disorder Yes 

 
Table 6-2:  Adult heads used in the head impact tests. 

Specimen 
ID Age Sex Race Cause of death 

Failure 
Drop 

A01M 61-years-old M Caucasian Unknown No 

A02M 53-years-old M Caucasian Respiratory failure No 

A04M 59-years-old M Hispanic  Septic shock Yes 

A05M 58-years-old M Caucasian Chronic obstructive pulmonary disease Yes 

A06M 67-years-old M Caucasian Respiratory failure No 

A07M 67-years-old M Caucasian Unknown Yes 

A08M 57-years-old M Unknown Unknown Yes 
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Table 6-3:  ATD heads used in the head impact tests. 

Specimen ID ATD head 

D01D 50
th

 percentile adult male Hybrid III 

D02D 12-month CRABI 

D03D 3-year Hybrid III 

D04D 6-year Hybrid III 

D05D 10-year Hybrid III 

D06D 3-year-old Q3 

D07D 6-month CRABI 

 

The drop tests were performed from two drop heights, 15cm and 30cm, and onto 

five impact locations:  right and left parietal, forehead, occiput and vertex (Table 6-4).  

One set of drops was performed on the post mortem human subject (PMHS) heads while 

up to four sets of drops were carried out on the ATD heads.  For each drop, the head was 

placed into a fine net that was attached to a pulley using line (Figure 6-2 and Figure 6-3).  

The head was positioned inside the net to achieve the desired impact location.  The head 

was then adjusted to the desired drop height and released by burning the fishing line, 

which allowed freefall to occur without rotation or out-of-plane translation.  The head 

then impacted a ¾ inch thick smooth flat aluminum platen attached to a Kistler 3-axis 

piezoelectric load cell (Kistler, France) (Figure 6-2), which was rigidly bolted to a 

structural floor.  A Pressurex® (Sensor Products Inc., Madison, NJ) pressure sensitive 

film was placed on top of the platen to capture the contact area.   Force-time data was 

recorded using Labview (National Instruments, Austin, TX) at a sample rate of 100,000 

Hz.  A Phantom high-speed digital video camera (Vision Research, Inc., Wayne, NJ) 

recorded all of the head drops at a frame rate of 2000 frames per second.   
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Figure 6-2:  Schematic of head drop setup.   

 
Figure 6-3: The head drop setup during a head impact.  The head in this figure is the 10-year-old 

Hybrid III. 
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Table 6-4:  The “non-destructive” head drop protocol.  There were two drop heights and five impact 

locations.   

Drop test Impact location Drop height (cm) 

1 Forehead 15 

2 Occiput 15 

3 Vertex 15 

4 Right parietal 15 

5 Left parietal 15 

6 Forehead 30 

7 Occiput 30 

8 Vertex 30 

9 Right parietal 30 

10 Left parietal 30 

 

After each drop, the head was palpated for fractures and the force-time plots were 

checked for fracture.  After the ten “non-destructive” head drop battery, the head was CT-

scanned to check for fractures.  If the head did not have any fractures or if any fractures 

present were considered stable, a failure drop was done to evaluate failure properties of 

the head.  These failure drops were conducted from 1.67m to 2.0m using the same drop 

setup and test equipment as the “non-destructive” drops.  One adult human head was 

dropped from 1.67m onto the occiput and the rest of the heads were dropped from 2m 

onto the forehead.  The force-time pulse was recorded with a sample rate of 300,000 Hz.  

After all tests were completed for each head, the head was photographed to document any 

lacerations and the head was again CT scanned.  Later, each head was dissected and 

detailed photographs were taken to document all injuries.   
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The injuries were classified by the type of fractures and lacerations present.  The 

lacerations were classified as either linear or stellate; linear implying a straight cut while 

stellate indicating a cross or star shape (Pollak and Saukko 2000).  No consistent set of 

definitions of skull fractures was found by this author.  Therefore, multiple sources were 

used to classify the fractures.   The definitions of the fractures used in this dissertation are 

listed below (Gurdjian et al. 1950; Hobbs 1984; Bilo et al. 2010).   

Linear fracture:  A single straight fracture that may or may not be restricted to 

one skull bone.  This fracture could be in a “straight, zigzagged, or angled 

configuration” (Hobbs 1984).  A hairline fracture is a subset of a linear fracture.  

Linear fractures are also reported with the degree of displacement or movement 

between the two sides of the fracture.   

 Hairline linear fracture:  A small linear fracture with no 

displacement. 

 Linear fracture with separation:  A fracture in which the bone 

separates into two parts with at least 3mm of separation.   

Complex fracture:  A fracture that has “multiple fracture lines and inter-

connecting fractures” (Bilo et al. 2010).  Multiple linear, stellate, comminuted and 

depressed fractures are all types of complex fractures.   

 Multiple linear fractures: Two or more linear fractures that 

intersect. 
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 Stellate fracture:  A fracture that has a star shape or where the 

fracture has an indentation where multiple fractures originate 

(Gurdjian et al. 1950). 

 Comminuted fracture:  A fracture that has fragmentation.  

 Depressed fracture:  A fracture where the bone caves inward and 

a section of the skull of moves towards the brain; or a fracture in 

which the outer table of the skull collapses into the inner table of 

the skull.   

Diastatic fracture:  A fracture that runs along one of the cranial sutures. 

Orbital fracture:  Singular or multiple fractures of the orbit (Bilo et al. 2010).  

The types of orbital fracture are not differentiated in this dissertation. 

For analysis, all data were filtered using the SAE J211b Class 1000 filter 

specifications for head impact (SAEJ222-1 1995).  Then, peak resultant acceleration, 

head injury criterion, pulse duration, coefficient of restitution, contact area, impact 

stiffness and change in vertical kinetic energy were calculated for each head drop.  Here 

change in vertical kinetic energy is defined as the energy dissipated during the impact and 

energy transferred to rotation.  The acceleration-time pulse was estimated by dividing the 

force-time pulse by the drop mass (this was the mass of the head with the mandible not 

attached).  The peak resultant acceleration was taken as the peak of the acceleration-time 

pulse.   The HIC was calculated using Equation 6-1 and the acceleration-time pulse.  The 

pulse duration was set by the time points at which the force-time pulse crossed 0.1% of 
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the full range of the force.  The contact area was measured from the pressure film 

footprint.   

Each of the “non-destructive” head impacts was analyzed by double integrating 

the acceleration-time pulse to get force-displacement curves and fitting the acceleration-

time pulse data to five different analytical models.  The analytical models will be 

presented and examined in Chapter 7.  Using the calculated force-displacement curves, 

the impact stiffness was calculated using a linear regression from 50% of the peak 

displacement to peak force.  Also, each force-displacement curve was fit using non-linear 

regression (Equation 6-3).  Finally, the change in vertical kinetic energy was taken for 

each force-displacement curve. It was calculated by dividing the area under of the 

unloading portion of the force-displacement curve by area under the loading portion of 

the curve.   

      ( )    (                (  )   ) 
Equation 6-3 

The injury risk curve and HIC thresholds given by the NTHSA were applied to 

both the “non-destructive” impact data and the failure data to test their accuracy (NHTSA 

2004).  The average predicted fracture probabilities of the injury risk curves were 

compared to the test fracture rate (Kleinberger et al. 1998).  A and B will be optimized to 

make the fit.   Lastly, the laceration and force data were analyzed to find a threshold and 

relationship between the two.   

The human heads were divided into four different age groups (neonate, toddler, 

youth and adult) for statistical comparisons (Table 6-5).  Analysis of covariance 
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(ANCOVA) was used to investigate the significance of drop height, impact location and 

age on HIC, peak resultant acceleration, pulse duration, impact stiffness and change in 

vertical kinetic energy.  The significance level for all ANCOVA tests was p<0.05.  To 

test for significant differences between age groups or impact locations, the Tukey-Kramer 

method was used with a significance level of p<0.05.  The significant difference between 

the drop heights for the human heads was found using the ANCOVAs.  Levene tests were 

done for each ANCOVA to ensure that the variances were equal and that use of the 

ANCOVA was valid (p>0.05).    

Table 6-5:  Division of human heads into different age groups for this chapter. 

Age group Age range Number of specimen 

Neonate Younger than one-month-old 6 

Toddler 5-months to 22-months 4 

Youth 9-years to 16-years 2 

Adults Older than 18-years 6 

Because the ATD heads had repeated drops, repeated-measures analyses of 

covariance were used to investigate the significance of the ATD head, drop height and 

impact location on HIC, peak resultant acceleration, pulse duration,  impact stiffness and 

change in vertical kinetic energy.  The equality of the variances or the sphericity was 

found using Mauchly’s sphericity test to ensure that it was valid to use repeated-measures 

ANCOVA (p>0.05).  If the variables lacked sphericity (p<0.05), a multivaritate analysis 

of covariance F-test was done (Lehman et al. 2005a).  Student t-tests were used to tests 

for differences between drop heights for drops on the same location different for the same 

ATD head.   
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The ATD heads were compared against aged-matched cadaver heads to assess the 

biofidelity of each ATD head.  The comparisons were done between the 5-month-old and 

6-month-old CRABI, the 11-month-old and 12-month-old CRABI, 9-year-old against the 

10-year-old Hybrid III and the adult against the adult Hybrid III.  Further, the 22-month-

old was compared against the 12-month-old CRABI, 3-year-old Hybrid III and 3-year-old 

Q3.  The comparisons were performed by directly comparing the peak resultant 

acceleration, HIC and impact stiffness of each head drop.  The adult and adult Hybrid III 

heads were compared directly using generalized linear models with a significant 

difference level of p<0.05.  For the comparisons using the pediatric heads, which were 

single impacts data points, standard deviations were added using the percentage standard 

deviations from the adult drops.  Then the pediatric cadaveric heads and ATDs were 

compared using z-tests a with significant difference level of p<0.05.  All statistical 

analyses were carried out using JMP (SAS, Cary, NC).   
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Table 6-6:  The table shows where human heads and ATD heads were directly compared using HIC, 

peak resultant acceleration and dynamic stiffness to understand how accurately each ATD matches 

the human head. 

Humans ATDs 

5-month-old (P12M) 6-month-old CRABI 

11-month-old (P15F) 12-month-old CRABI 

22-month-old (P17F) 12-month-old CRABI; 3-year-old Q3; 3-year-old Hybrid III 

9-year-old (P18M) 10-year-old Hybrid III 

All Adults 50th Percentile Adult Male Hybrid III 
 

6.4 Results 

6.4.1 Human “Non-destructive” Drops 

6.4.1.1 Acceleration 

The results for peak resultant acceleration were analyzed using analysis of 

covariance.  The ANCOVA showed that the age (p<0.0001), impact location (p=0.0003) 

and drop height (p<0.0001) were all significant predictors of the peak acceleration.  The 

Levene tests showed that the variances were equal and therefore that use of the 

ANCOVA was valid (p>0.05).  For the impact location in adults, the vertex had the 

statistically highest response and the parietal impacts had the statistically lowest response 

according to Tukey-Kramer tests following the ANCOVA (p<0.018) (Figure 6-6).   The 

ANCOVA of only the neonates showed that the impact location (p=0.0401) and drop 

height were both significant predictors of the peak resultant acceleration (p<0.0001) with 

the vertex being statistically the highest and the others being statistically the same. 

However, the Tukey-Kramer method did not how any statistical differences between each 

impact location for the neonate heads for each drop height (p>0.05) (Figure 6-7).   
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Figure 6-4 illustrates the effect of drop height on acceleration:  the acceleration 

nearly doubles from the 15cm occipital impact to the 30cm occipital impact for the 9-

month-old.  This effect was consistent across all human heads and all impact locations.  

The effect of age on peak resultant acceleration is shown in Figure 6-5.  The peak 

resultant acceleration increased with age across all impact locations and for both drop 

heights.  The effect of impact location was illustrated for both the neonates and adults in 

Figure 6-6 and Figure 6-7, where the vertex had the highest peak resultant acceleration 

for both sets of ages.   

 
Figure 6-4:  Occipital drops for the 9-month-old (P14M).  These acceleration-time pulses show the 

effects of the drop height on peak acceleration and pulse duration.  
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Figure 6-5:  The effect of drop height and age on peak resultant acceleration for the forehead 

impacts.   The * and % denote that the average forehead drops are statistically different from the 

adult 15cm and 30cm forehead impacts (ANCOVA with post-hoc Tukey-Kramer tests p<0.0069).   

 

 
Figure 6-6:  Average adult peak resultant acceleration by drop location.  % denotes that the impact 

location is significantly different from the vertex 30cm drop (ANCOVA with post-hoc Tukey-Kramer 

tests p<0.018) while * denotes that the impact location is significantly different (p<0.005) from the 

vertex 15cm drops.     
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Figure 6-7:  Average neonatal peak resultant acceleration by impact location.  An ANCOVA using 

only the neonate heads showed that the vertex had statistically higher values (p=0.0401) than the 

other impact locations and is denoted by *, however, the Tukey-Kramer method did not show a 

statistical difference between the impact location for each drop height (p>0.05).    

6.4.1.2 HIC 

The results for HIC were analyzed using analysis of covariance.  These results 

mirror the peak acceleration results as the ANCOVA showed that drop height 

(p<0.0001), impact location (p=0.0002) and age (p<0.0001) were all significant 

predictors of the HIC.  An ANCOVA of only the adults showed again that the impact 

location (p<0.0001) and the drop height (p<0.0001) were significant predictors for HIC.  

For the impact location of the adult heads, the vertex (p<0.0247) produced the 

statistically highest HIC values, while parietal impacts produced the statistically lowest 

HIC values according to the Tukey-Kramer method.  For the neonates, the ANCOVA 

demonstrated that only the drop height (p<0.0001) was a significant predictor of the HIC 

and that the impact location (p=0.319) was not a significant predictor.  Levene tests 
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further showed that the variances were equal and that use of the ANCOVA was valid 

(p>0.05) in these analyses.   

The influences of age and drop height on the HIC are illustrated by Figure 6-8 and 

Figure 6-9.  The HIC increased with age across all impact locations and each drop height.  

Further, the adult heads’ HIC responses showed a dependence on impact location.  

Examples are shown in Figure 6-9 and Figure 6-10.  Both indicate that an impact at the 

vertex produced the highest HIC values and that parietal impacts produced the lowest 

HIC values.    

 

Figure 6-8:  The effect of drop height and age on HIC for the forehead impacts.   The * and % denote 

that the average forehead drop is statistically different from the adult 15cm and 30cm forehead 

impacts, respectively (ANCOVA with post-hoc Tukey-Kramer tests p<0.0114).   
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Figure 6-9:  Example acceleration-time pulse for an adult head (A01M) for all 30cm impact locations.   

Statistically, the drops onto the vertex had the highest HICs and peak resultant accelerations while 

the parietal drops had the lowest HICs and peak resultant accelerations for adult head impacts 

(ANCOVA with post-hoc Tukey-Kramer tests p<0.05). 

 
Figure 6-10:  Average HIC for the adult heads by impact location, showing the HIC’s dependence on 

impact location. * denotes that the drop is statistically different from the 15cm vertex HIC 

(ANCOVA with post-hoc Tukey-Kramer tests p<0.0247).  % denotes that the drop is statistically 

different from the 30cm occiput and vertex HICs (ANCOVA with post-hoc Tukey-Kramer tests 

p<0.0018).    

6.4.1.3 Pulse Duration 

The results of the pulse duration were analyzed using ANCOVA.  The results 
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(p=0.94) and drop height (p=0.28), yet that age was a significant predictor of pulse 

duration (p<0.0001).  However, an ANCOVA only using the adult heads showed that 

head impact location was a significant predictor of pulse duration (p=0.002).  The parietal 

impact pulse durations were statistically longer than the other locations when compared 

using the Tukey-Kramer method (p<0.029).  The Levene tests showed that the variances 

were equal and that the use of the two ANCOVAs was valid (p>0.05).   

The differences in pulse duration with age are illustrated in Figure 6-11 and 

Figure 6-12. The pulse duration decreases with age across all impact locations.  

Moreover, the neonates and toddlers had higher pulse durations than the adult or youth 

for all impact locations and drop heights.  The differences in adult pulse durations for 

different impact locations are shown in Figure 6-13.  The adult pulse durations were 

dependent on impact location with the vertex having the lowest pulse durations and 

parietal impacts having the highest pulse durations.   

 
Figure 6-11:  Forehead 15cm impact response for four different age groups.  The pulse durations 

were highest for the neonatal heads and the HICs and peak accelerations were highest for the adult 

heads.   
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Figure 6-12:  The average forehead pulse duration for each age group.  * denotes that the average 

pulse duration of the age group were statistically higher than that of the adult (ANCOVA with post-

hoc Tukey-Kramer tests p<0.0018).  Note that pulse duration was not dependent on drop height 

according to an ANCOVA (p=0.28).   

 
Figure 6-13:  Average pulse duration for the adult heads by location, showing how the pulse duration 

is dependent on impact location.  * denotes that the drop is statistically different from the vertex 

pulse duration (ANCOVA with post-hoc Tukey-Kramer tests p<0.0018).  Note that pulse duration 

was not dependent on drop height according to an ANCOVA (p=0.28).   
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6.4.1.4 Impact Stiffness 

An ANCOVA showed that drop height (p=0.0303), impact location (p=0.0003) 

and age (p<0.0001) were all significant predictors for the impact stiffness of the human 

head impacts.  The ANCOVA showed that the impact stiffnesses of the parietal drops 

were statistically lower than the impact stiffness of the vertex drops, while the 15cm 

drops were statistically lower than the 30cm drops.   An ANCOVA of the adult heads 

only indicated that the impact stiffness was dependent on both impact location and drop 

height.  For the neonatal heads, the impact stiffness was dependent on only drop height 

according to an ANCOVA (p<0.05).  Levene tests showed that the variances were equal 

and that ANCOVA was valid to use in this analysis (p>0.05).   

Examples of the force displacement calculations and stiffness fits are shown in 

Figure 6-14 and Figure 6-15.   The change in head impact stiffness with age is illustrated 

in Figure 6-16.  The forehead impact stiffness for neonates and toddlers was 

approximately 1% and 10% of the adult forehead impact stiffness. This trend was 

consistent across all impact locations.  The effect of impact locations is illustrated in 

Figure 6-17, where the Tukey-Kramer method showed that parietal impacts were 

statistically different from the vertex impact for the 30cm drops.   
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Figure 6-14:  Example plots of the acceleration, velocity and displacement during impact for an adult 

15cm forehead head drop (A01M).   The acceleration is shown on the top left.  The velocity is shown 

on the top right and was calculated by integrating the acceleration.  The displacement is shown on 

the lower left and was calculated by double integrating the acceleration.  The stiffness was calculated 

from the force-displacement plot from the peak force to 50% of displacement and is noted by the red 

line in bottom right plot.   
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Figure 6-15:  Example plots of the acceleration, velocity and displacement during impact for a 

neonatal 30cm occipital head drop (P05F).   The acceleration is shown on the top left.  The velocity is 

shown on the top right and was calculated by integrating the acceleration.  The displacement is 

shown on the lower left and was calculated by double integrating the acceleration.  The stiffness was 

calculated from the force-displacement plot from the peak force to 50% of displacement and is noted 

by the red line in bottom right plot.  Notice the difference in the amount deformation and force from 

the adult impact shown in Figure 6-14.   
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Figure 6-16:  Changes in the forehead impact stiffness with age.  All age groups were statistically 

lower than the adult (ANCOVA with post-hoc Tukey-Kramer tests p<0.028).   

 
Figure 6-17:   Average adult head impact stiffness for each impact location.  The parietal impacts 

were statistically lower than the other impact locations.  * denotes that the average impact stiffness 

was statistically different (p<0.0332) from the average 15cm vertex impact stiffness (ANCOVA with 

post-hoc Tukey-Kramer tests p<0.034).  % denotes that the average impact stiffness was statistically 

lower than the average 30cm vertex impact stiffness (ANCOVA with post-hoc Tukey-Kramer tests 

p<0.042) 
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6.4.1.5 Change in Vertical Kinetic Energy 

An ANCOVA of the change in vertical kinetic energy of the human head impacts 

showed that age (p<0.0001) and impact location (p<0.0001) were both significant 

predictors of change in vertical kinetic energy, while drop height (p=0.1716) was not.  

The analysis showed that the vertex and occiput impact locations had the lowest energy 

change while the parietal drops had the largest energy change.  Moreover, the amount of 

energy lost increased with age.  ANCOVAs of the just the neonatal and adult heads 

individually showed the same trends.  The Levene test showed that the ANCOVAs were 

valid to use (p>0.05) 

Examples of change in vertical kinetic energy, demonstrated by force-

displacement plots, are shown in Figure 6-18 and Figure 6-19.  The 11-month-old 30cm 

occipital force-displacement had a change in vertical kinetic energy of 86.7% while the 

16-year-old 15cm vertex force-displacement had a change in vertical kinetic energy of 

98.7%.  Figure 6-20 and a Tukey-Kramer test illustrate the trend of the changes in 

vertical kinetic energy increasing with age, as the neonatal and toddler average vertex 

change in vertical kinetic energy were statistically lower (p<0.0005) than the adult vertex 

change in vertical kinetic energy.   The dependence upon impact location is shown by 

Figure 6-21 where a Tukey-Kramer test showed that the change in energy of parietal 

impacts was statistically higher (p<0.0001) than the change in energy of the occipital 

impacts.   
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Figure 6-18:  Plot of the impact force-displacement curve for the 11-month-old (P15F) 30cm occipital 

impact.  The entry portion of the curve is shown in black and the restoration portion of the curve is 

shown in blue.  The change in vertical kinetic energy was 86.7%. 

 

 
Figure 6-19:  Plot of the impact force-displacement curve for the 16-year-old (P21F) 15cm vertex 

impact.  The loading portion of the curve is shown in black and the unloading portion of the curve is 

shown in blue.  The change in vertical kinetic energy was 98.7%.   
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Figure 6-20:  The average vertex change in vertical kinetic energy for each age group.  The 

ANCOVA showed that age was a significant predictor of change in vertical kinetic energy 

(p<0.0001).  The Tukey-Kramer method showed that the adult change in vertical kinetic energy was 

significantly more than the neonate and toddler changes in vertical kinetic energy, as denoted by * 

(ANCOVA with post-hoc Tukey-Kramer tests p<0.0005). 

 

 
Figure 6-21:  The average adult change in vertical kinetic energy for each impact location.  The 

ANCOVA showed impact location was a significant predictor of change in vertical kinetic energy 

(p<0.0001).  The parietal impacts change in energy was significantly higher than the occiput change 

in energy and is noted by the * (ANCOVA with post-hoc Tukey-Kramer tests p<0.05).   
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6.4.1.6 Nonlinear Force-Displacement Fits 

The results of the nonlinear fits are shown in the appendix.  An example fit is 

shown below.   

 
Figure 6-22:  Example of a non-linear fit of the force-deflection curve from an impact.  This is the 11-

month-old 30cm vertex drop.  The black line is the data and the red line is the fit.   

6.4.1.7 Injuries Caused by “Non-destructive” Drops 

Fractures were caused by “non-destructive” drops for only 3 of the heads tested.  

The three were all in the toddler age group.  No fractures occurred in the neonates or 

adult heads due to the “non-destructive” drops.  Also, no fractures occurred for the 9-

month-old, 9-year-old or 16-year-old due to the “non-destructive” drops.  The 5-month-

old, the 11-month-old and the 22-month-old sustained fractures from the “non-

destructive” impacts.  No lacerations occurred as a result of any of the “non-destructive” 

drops.   

The 5-month-old sustained a single linear right parietal bone fracture with a small 

amount of displacement on the 15cm right parietal impact (Figure 6-24, Figure 6-103 and 

Table 6-7).  The fracture drop force-time pulse is shown in figure (Figure 6-23).  The 
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linear fracture extended to make a right angle with the right coronal suture with it 

intersected at the mid-level of the suture.  The linear fracture also extended in the 

opposite direction to the ossification center in middle of the right parietal bone.  The 

fracture was approximately 4cm long.  The fracture followed the direction of the bone 

fiber alignment.  The right coronal suture did not fracture.   

 
Figure 6-23:   Force-time curves for the parietal drops from the 5-month-old (P12M).  The fracture 

occurred on the 15cm drop as shown by the force plateau and the extended pulse duration tail 

(Hodgson and Thomas 1971b; Hodgson and Thomas 1971a).   

 

 
Figure 6-24:  Schematic of the 5-month-old (P12M) simple linear fracture with displacement caused 

by the 15cm right parietal drop.  The fracture extended from the center of the ossification center of 

the right parietal bone to the right coronal suture.  The anterior of the head is to the right and the 

posterior is to the left (Table 6-7).   
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The 11-month-old sustained a diastatic linear fracture of the right coronal suture.  

The fracture occurred during the 30cm right parietal impact (Figure 6-25, Table 6-7 and 

Figure 6-104).  The fracture had very little displacement and did not deviate from the 

right coronal suture.   

The 22-month-old sustained a diastatic linear fracture of the left coronal suture 

during the 15cm vertex impact (Figure 6-105).  A CT scan of the fracture showed that it 

extended across the length of the left coronal suture.  The fracture had no displacement 

and did not deviate from the left coronal suture.   

 
Figure 6-25:  Diastatic linear fracture in the right coronal sutures of an 11-month-old (P15F).  The 

fracture was caused by 30cm right parietal drop.  The fracture had no displacement.  The anterior of 

the head is to the right and the posterior is to the left (Table 6-7).   
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Figure 6-26:  Diastatic linear fracture of left coronal suture of the 22-month-old.  This fracture 

occurred during the 15cm vertex head impact.  The CT scan showed that the fracture expanded the 

length of the coronal suture.  The fracture also had no displacement.  The anterior of the head is to 

the left and the posterior of the head is to the right (Table 6-7).  The actual picture of the fracture is 

show in Figure 6-105. 

Overall, the three heads sustained stable diastatic and linear fractures with forces 

that ranged from 392N to 1174N and HIC values that ranged from 27 to 156 (Table 6-7).   

Table 6-7:  Fractures that occurred during the “non-destructive” head drops. 

Specimen 
Age 

(months) Height/Location HIC 

Peak 
Acceleration 

(g) 
Peak 

Force (N) Fracture 

P12M 5 15cm Right Parietal 27 37.3 392 

Linear facture of the 
right parietal with 

displacement 

P15F 11 30cm Right Parietal 156 82.2 1174 

Diastatic linear fracture 
of the right coronal 

suture with no 
displacement 

P17F 22 15cm Vertex 44 47.2 949 

Diastatic linear fracture 
of the left coronal suture 

with no displacement 
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6.4.2 ATD Non-destructive Drops 

6.4.2.1 Acceleration 

The results for the ATD non-destructive impacts were analyzed using repeated-

measures analysis of covariance.  The repeated-measures analysis of covariance showed 

that the peak resultant acceleration was not affected by the repeated tests (p=0.324), 

however, it did show that the drop height, and ATD were significant predictors of 

resultant acceleration (p<0.0389).  Impact location was not significant, but was trending 

to be significant (p=0.051).  Mauchly’s sphericity test showed the resultant acceleration 

variances were equal and hence the repeated-measures ANCOVA results were valid 

(p=0.99).   

For each ATD head, the individual repeated measures ANCOVA showed that 

drop height was always a significant indicator of resultant acceleration and that impact 

location was a significant indicator for five of the seven ATD heads (p<0.05).  The 10-

year-old Hybrid III and the 6-year-old Hybrid III resultant accelerations were not 

significantly dependent on impact location (Table 6-8 and Table 6-9) (Repeated-measures 

ANCOVA p>0.05).  The 3-year-old Q3-dummy produced the highest resultant 

acceleration for the majority of the drops; likewise, the 6-month CRABI and 12-month 

CRABI produced the lowest resultant acceleration in all of the tests (Table 6-8 and Table 

6-9).  The resultant acceleration consistently increased with drop height for all impact 

locations and all ATD heads (Table 6-8 and Table 6-9).   
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Tables of how the ATD heads differ from each other are shown in (Table 6-8 and 

Table 6-9).  The tables indicate that the 3-year-old Q3 dummy had the highest 

accelerations for half of the drops and that the CRABI ATDs produced the lowest 

accelerations for all of the drops.  The table also show that the occiput was the location 

that was statistically different for all ATDs according to the Tukey-Kramer method 

(p<0.05) (Table 6-8 and Table 6-9).   
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Figure 6-27:  15cm forehead resultant accelerations for the all ATD heads.  The 3-year-old Q3 

dummy had the highest resultant acceleration and the shortest pulse duration.  The 6-month CRABI 

had the lowest resultant acceleration and longest pulse duration.   
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Table 6-8:  The average peak resultant acceleration (g) for the 15cm impacts for the ATD heads.  

Peak acceleration was statistically dependent on the ATD being tested and the drop height (repeated-

measures ANCOVA p<0.05).  The 3-year-old Q3 had the overall highest peak resultant acceleration 

for three of the five locations for the 15cm impacts. The 6-month and 12-month CRABIs had the 

lowest resultant accelerations for each 15cm impact location.  The occiput was the impact location 

that was most likely to be statistically different from the other locations whether lower or higher 

(multiple Tukey-Kramer tests). 

ATD head 
Drop 

Height Vertex Occiput Forehead Right Parietal Left Parietal 

6-month CRABI 

15cm 

34 40 37 67 116 

12-month CRABI 53 37 62 63 72 

3-year HIII 103 57 95 83 92 

3-year Q3 141 161 122 102 103 

6-year HIII 102 128 98 115 126 

10-year HIII 131 157 104 126 123 

Adult HIII 118 135 112 103 96 

 

Table 6-9:  The average peak resultant acceleration (g) for the 30cm impacts for the ATD heads.  

Peak acceleration was statistically dependent on the ATD being tested and the drop height (repeated-

measures ANCOVA p<0.05).  The 3-year-old Q3 had the overall highest peak resultant acceleration 

for two of the five locations for the 30cm impacts. The 6-month and 12-month CRABIs had the 

lowest resultant accelerations for each 30cm impact location.  The occiput was statistically different 

from the other locations for each ATD head whether lower or higher (multiple Tukey-Kramer tests). 

ATD head Drop Height Vertex  Occiput Forehead Right Parietal 
Left 

Parietal 

6-month CRABI 

30cm 

52 62 85 145 214 

12-month CRABI 86 56 110 106 117 

3-year HIII 169 83 160 142 154 

3-year Q3 234 255 203 174 181 

6-year HIII 184 218 174 209 190 

10-year HIII 230 285 193 197 207 

Adult HIII 208 235 189 174 166 

 

6.4.2.2 ATD HIC 

A repeated-measures ANCOVA showed that drop height, impact location and 

ATD head were all significant predictors of the head injury criteria (p<0.0379).   The 
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repeated drops were not shown to affect the HIC (p>0.26).  A Mauchly’s sphericity test 

showed that the variances were equal and that use of the repeated-measures ANCOVA 

was valid (p>0.96).  

The 3-year-old Q3 produced the highest HIC values for all impact locations and 

drop heights (Table 6-10 and Table 6-11).   The 6-month CRABI and 12-month CRABI 

were had the lowest HIC for the majority of the impacts (Table 6-10 and Table 6-11).  

Tukey-Kramer mean comparisons were performed for the impact locations for each 

specimen and the occiput and parietal impacts were showed to be statistically different 

for most of the drops.  For all ATDs and impact locations the HIC increased with 

increasing drop height (Table 6-10 and Table 6-11).  

Table 6-10:  Average HIC values for the each ATD head for the 15cm impacts.  The 3-year-old Q3 

produced the highest HIC values for all of the 15cm head impacts, while the 6-month and 12-month 

CRABI produced the lowest HIC values for the 15cm head impacts.   

ATD head 
Drop 

Height Vertex  Occiput Forehead Right Parietal Left Parietal 

6-month CRABI 

15cm 

38 48 41 76 142 

12-month CRABI 70 41 87 80 95 

3-year HIII 129 61 119 78 96 

3-year Q3 307 348 238 168 174 

6-year HIII 140 167 130 122 139 

10-year HIII 196 214 141 141 135 

Adult HIII 166 217 155 111 98 
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Table 6-11:  Average HIC values for the each ATD head for the 30cm impacts.  The 3-year-old Q3 

produced the highest HIC values for all of the 30cm head impacts, while the 6-month CRABI, 12-

month CRABI and 3-year-old HII produced the lowest HIC values for the 30cm head impacts.   

ATD head 
Drop 

Height Vertex  Occiput Forehead Right Parietal Left Parietal 

6-month CRABI 

30cm 

99 126 157 301 488 

12-month CRABI 200 106 262 237 270 

3-year HIII 348 131 341 227 268 

3-year Q3 931 977 707 516 561 

6-year HIII 430 499 407 409 355 

10-year HIII 598 697 469 355 387 

Adult HIII 535 644 458 323 291 

 

6.4.2.3 ATD Pulse Duration 

The pulse duration results were analyzed using a repeated-measures ANCOVA.  

The repeated-measures ANCOVA demonstrated that impact location and drop height 

were not significant indicators of pulse duration (p>0.056).  Only the ATD head was 

shown to be a significant predictor of pulse duration (p<0.0001).  The repeated drops 

were shown to not affect the pulse duration (p>0.91).  Mauchly’s sphericity test showed 

the pulse duration variances were equal and hence the repeated-measures ANCOVA 

results was valid (p=0.73).   

The pulse durations of each ATD are compared in Figure 6-28.  The 6-month 

CRABI was found to have the longest pulse duration, which was statistically different 

from the pulse durations of all other ATD (p<0.0204).  The 3-year-old Q3 was found to 

have lowest pulse duration even though it was not statistically different (p>0.964) from 
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either the adult Hybrid III or the 10-year-old Hybrid III according to the Tukey-Kramer 

method.  An illustration of how the pulse duration does not change with either drop 

height or impact location is shown in Figure 6-29. For the 6-year-old Hybrid III, there 

was no statistical difference between impact locations (p>0.1005); similarly, for each 

impact location there was a no statistical difference between drop height (p>0.10) 

according the Tukey-Kramer method and multiple student t-tests.   

 
Figure 6-28:  Pulse duration for all ATD heads.  All drop heights and impact locations were averaged 

together for each ATD because there no difference in pulse duration by drop height or impact 

location.  # denotes that the ATD head’s pulse durations were not significantly different according to 

the Tukey-Kramer method (p>0.964).  All other ATD pulse durations were statistically different 

from the all other pulse durations (p<0.0204).   
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Figure 6-29:  Pulse durations for the 6-year-old Hybrid III, showing how the pulse duration was 

independent of impact location and drop height.  This trend was consistent for all ATD heads.  None 

of the impact locations were statistically different for either drop height according to the Tukey-

Kramer method (p>0.1005) and none of the drop heights were statistically different according to 

multiple student t-tests (p>0.10).   

 

6.4.2.4 ATD Impact Stiffness 

The ATD impact stiffness was analyzed using a repeated-measures ANCOVA 

which showed that the ATD impact stiffness was dependent on the ATD head 

(p<0.0001), impact location (p=0.0322) and drop height (p<0.0001).  The repeated 

measures did not affect the impact (p=0.5607) and Mauchly’s sphericity test did not show 

any level of unequal impact stiffness variance (p=0.50) indicating that the use of a 

repeated measures ANCOVA was valid.  

Two examples of the integrations used to calculate the impact stiffness are shown 

in Figure 6-30 and Figure 6-31.  Figure 6-30 shows the acceleration, velocity and 
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displacement for the 15cm forehead impact of the 12-month CRABI, which had the 

lowest impact stiffness.  Figure 6-31 shows the impact information for the 15cm adult 

Hybrid III forehead drop.  This impact produced half the displacement of the 12-month 

CRABI 15cm forehead drop, yet produced approximately three times the force.   

 
Figure 6-30:  Example plots of the acceleration, velocity and displacement during impact for the 12-

month CRABI 15cm forehead head impact (D02D).   The acceleration is shown on the top left.  The 

velocity is shown on the top right and was calculated by integrating the acceleration.  The 

displacement is shown on the lower left and was calculated by double integrating the acceleration.  

The stiffness was calculated using the force-displacement plot from the peak force to 50% of 

displacement and is noted by the red line in the bottom right plot.   
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Figure 6-31:  Example plots of the acceleration, velocity and displacement during impact for the 

Adult Hybrid III 15cm forehead head impact (D01D).   The acceleration is shown on the top left.  The 

velocity is shown on the top right and was calculated by integrating the acceleration.  The 

displacement is shown on the lower left and was calculated by double integrating the acceleration.  

The stiffness was calculated using the force-displacement plot from the peak force to 50% of 

displacement and is noted by the red line in the bottom right plot.   

 

Overall, the Adult Hybrid III produced the highest dynamic stiffnesses while the 

6-month-old CRABI produced the lowest stiffnesses (Table 6-12 and Table 6-13).  As 

illustrated by Table 6-12, the dynamic stiffness generally increased with increasing 

represented age.  Only the 3-year-old Q3 did not follow this pattern.  Likewise, the 

dynamic stiffness increased with drop height in all cases (Table 6-12 and Table 6-13).  As 
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for the impact location, no distinct relationship between of impact location and stiffness 

was identified across all heads.  Impact locations that were statistically different from all 

other impact locations were identified for the 3-year-old HIII, 3-year-old Q3 and the 10-

year-old HIII using the Tukey-Kramer method (p<0.05).   This was not true for the 

CRABIs and 6-year-old and Adult Hybrid III (p>0.05).  The highest impact stiffness was 

found to be 5111 N/mm for the 30cm occipital drop for the 10-year-old HIII, while the 

lowest was 95 N/mm for the 15cm vertex drop for the 6-month CRABI.   

Table 6-12:  The average impact stiffness (N/mm) for the 15cm drops.  The impact stiffness was 

dependent on the ATD head, impact location and drop height.  The adult Hybrid III, 10-year-old 

Hybrid III and the 3-year-old Q3 produced the highest impact stiffness for the 15cm drops.  The 6-

month and 12-month CRABIs produced the lowest impact stiffness for the 15cm drops.   

ATD head 
Drop 

Height Vertex  Occiput Forehead Right Parietal Left Parietal 

6-month CRABI 

15cm 

95 114 104 390 1200 

12-month 
CRABI 272 134 364 396 483 

3-year HIII 1068 330 866 884 1005 

3-year Q3 1923 2718 1470 1039 1093 

6-year HIII 1217 2180 1147 1912 2010 

10-year HIII 2334 3119 1369 2659 2552 

Adult HIII 2365 2012 2108 2260 1951 
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Table 6-13:  The average impact stiffness (N/mm) for the 30cm drops.  The impact stiffness was 

dependent on the ATD head, impact location and drop height.  The adult Hybrid III, 10-year-old 

Hybrid III and the 3-year-old Q3 produced the highest impact stiffness for the 15cm drops.  The 6-

month and 12-month CRABIs produced the lowest impact stiffness for the 30cm drops.   

ATD head 
Drop 

Height Vertex  Occiput Forehead Right Parietal Left Parietal 

6-month CRABI 

30cm 

114 143 312 899 2109 

12-month CRABI 360 160 575 613 723 

3-year HIII 1570 432 1277 1345 1408 

3-year Q3 2620 3370 2041 1601 1706 

6-year HIII 1999 3335 1670 3203 2540 

10-year HIII 3406 5112 2314 3225 3850 

Adult HIII 3762 3342 3005 3258 2995 

 

6.4.2.5 ATD Change in Vertical Kinetic Energy 

For the change in vertical kinetic energy analysis, Mauchly’s sphericity test 

showed that the data lacked sphericity and that the covariances did not have equal 

variances (p<0.0001).   Hence, a repeated-measures ANOVA was not appropriate so 

instead the multivaritate analysis of covariance F-test was preformed (Lehman et al. 

2005a).  The multivariate ANCOVA F-test showed that ATD head (p<0.001), impact 

location (p<0.001), and drop height (p=0.0057) were significant contributors to change in 

vertical kinetic energy, while the repeated-measures were not significant predictors 

(p=0.87).   

In general, the Hybrid III ATDs had the highest changes in energy while the 

CRABI ATDs had the lowest changes in energy.  A comparison of the ATDs to each 

other is shown in Figure 6-34 in which the occipital changes in vertical kinetic energy for 

each ATD are shown.  Here, it can be seen that the Hybrid III ATDs have the highest 
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changes in vertical kinetic energy.  A listing of the ATDs with the highest and lowest 

changes in vertical kinetic energy is given by Table 6-14.  The dependence upon impact 

location is demonstrated in Figure 6-35 and Table 6-15.  Figure 6-35 shows that for the 3-

year-old HIII, the parietal impacts lose the most vertical energy.  Table 6-15 illustrates 

that the parietal impacts also had statistically the highest change in vertical kinetic energy 

values most frequently, according to multiple Tukey-Kramer tests (p<0.05).  Moreover, 

the parietal impacts always had the highest changes in vertical kinetic energy regardless 

of ATD head, however, these changes in energy were not always statistically different.  

Likewise, the vertical kinetic energy change always increased with drop height for all 

ATDs.  This trend was found for all impact location and ATD head.   

 
Figure 6-32:  Plot of the impact force-displacement curve for the 6-month CRABI (D07D) 30cm 

occipital impact.  The loading portion of the curve is shown in black while the restoration portion of 

the curve is shown in blue.  The change in vertical kinetic energy was 23.3%, illustrating a trail with 

a low change in vertical kinetic energy.   
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Figure 6-33:  Plot of the impact force-displacement curve for the 10-year-old Hybrid III (D05D) 

30cm occipital impact.  The loading portion of the curve is shown in black, while the restoration 

portion of the curve is shown in blue.  The change in vertical kinetic energy was 94.1%, illustrating a 

trail with high change in vertical kinetic energy.   

 
Figure 6-34:  The average occipital change in vertical kinetic energy for each ATD showing how the 

change in energy varies with ATD head.  It can also be seen that the change in vertical kinetic energy 

increases with drop height.  * denotes the occipital change in vertical kinetic energy was statistically 

different from the 15cm occipital change in vertical kinetic energy for the 10-year-old HIII according 

to the Tukey-Kramer method (p<0.0197).  # denotes that the change in energy was statistically less 

than the 30cm occipital change in energy for the 10-year-old HIII. 

 

* 

* 

* 

* 

* 

# 

# 

# 

# 

# 

0

10

20

30

40

50

60

70

80

90

100

O
cc

ip
u

ti
al

 C
h

an
ge

 in
 V

er
ti

ca
l 

K
in

et
ic

 E
n

er
gy

 (
%

) 

15cm

30cm



 

 

189 

Table 6-14:  Listing of the specimens with the highest and lowest change in vertical kinetic energy for 

each drop.  The highest change in vertical kinetic energy came from the 10-year-old Hybrid III and 

Adult HIII.  The 6-month CRABI and the 3-year-old Q3 produced the lowest change in vertical 

kinetic energy.  

 Drop 
Highest Change in Vertical 

Kinetic Energy 
Lowest Change in Vertical  

Kinetic Energy 

15cm occiput 10-year-old HIII 6-month CRABI 

15cm forehead Adult HIII 12-month CRABI 

15cm vertex Adult HIII 6-month CRABI 

15cm Left parietal 10-year-old HIII 3-year-old Q3 

15cm Right parietal 10-year-old HIII 3-year-old Q3 

30cm occiput 10-year-old HIII 6-month CRABI 

30cm forehead Adult HIII 3-year-old Q3 

30cm vertex Adult HIII 6-month CRABI 

30cm left parietal 10-year-old HIII 3-year-old Q3 

30cm right parietal  10-year-old HIII 12-month CRABI 

 

 

 
Figure 6-35:  Change in vertical kinetic energy by location for the 3-year-old HIII demonstrating the 

effect of impact location on hysteresis.  * denotes that the change in energy is statistically different 

from the 15cm right parietal impact according to the Tukey-Kramer method (p<0.031).  # denotes 

that the change in energy is statistically different from the 30cm right parietal impact according to 

the Tukey-Kramer method (p<0.0001).   
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Table 6-15:  List of the impact locations that were statistically different from all other impact 

locations for a given drop height and ATD head for the change in vertical kinetic energy.  The 

statistical comparisons were done using the Tukey-Kramer method (p<0.05).  + denotes that the 

impact location was statistically the highest and - denotes that the impact location was statistically 

the lowest.   

ATD head 15cm 30cm 

12-month CRABI N/A Both Parietals (+) 

3-year-old HIII N/A Both Parietals (+) 

3-year-old Q3 N/A Vertex (-) 

6-year-old HIII Both Parietals (+) Both Parietals (+) 

10-yea-oldr HIII Forehead (-) Forehead (-) 

Adult HIII Occiput (-)/Both Parietals(+) Occiput (-)/Both Parietals (+) 

 

6.4.2.6 ATD Nonlinear Force-Deflection Fits 

The results of the nonlinear fits are shown in the appendix.  An example fit is 

shown below.   

 
Figure 6-36:  Example of a non-linear fit of the force deflection curve from an impact.  This is the 12-

month CRABI 30cm forehead drop.  The black line is the data while the red line is the fit.   

 

 

6.4.3 Failure Drops 

All of the pediatric heads fractured during the 2-meter impacts.  The peak forces 

for the pediatric failure drops ranged from 1492N for the 5-month old to 13063N for the 
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16-year-old, while the HIC ranged from 606 for the 11-month-old to 2365 for the 16-

year-old.  All of the heads sustained either linear, diastatic or orbital fractures from the 

failure drops.  No pediatric heads sustained any depressed fracture.  None of the pediatric 

heads sustained any lacerations.  The youngest heads sustained the most catastrophic 

injuries from the failure drops including multiple fractures that were comminuted (see 

P14M and P15F).  One the other head, the 9-year-old and 16-year-old sustained the least 

catastrophic injuries of all of the heads.  The 9-year-old and 16-year-old sustained linear 

fractures that had little displacement and a relatively small number of fractures.  The 

injuries are described in detail below for each head.  Schematics of the injuries are 

included below and actual pictures of the injuries are located in the appendix.    

 
Figure 6-37:  Force-time graph of the failure drop for the 9-year-old (P18M). * denotes the time 

points for the HIC calculation.  The head drop mass was 2.17kg.   
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Table 6-16:  Result of the pediatric failure drops. 

Specimen 
Age 

(months) 

Drop 
height 

(meters) 
Impact 

location 
Peak 

force (N) 

Peak 
acceleration 

(g) HIC 
Previous 
fracture 

P12M 5 2 Forehead 1492 158 949 Yes 

P14M 9 2 Forehead 2630 155 745 No 

P15F 11 2 Forehead 2022 147 606 Yes 

P18M 108 2 Forehead 4759 224 1668 No  

P21F 182 2 Forehead 13423 450 2365 No 

 

As with the pediatric heads, all of the adult heads subjected to the 2m drop 

sustained fractured.   The average peak force and HIC value of the forehead impacts were 

12017N and 1601, respectively.  A07M sustained a depressed fracture from the 2m drop 

while the remaining adult heads incurred linear fractures with varying degrees of 

displacement, orbital fractures and with some comminuted fractures.  Of the three adult 

forehead failure drops, only A08M did not sustain a skin laceration.  The head that was 

put through a 1.67m drop onto the occiput did not sustain any skull fractures, but did 

sustain a cross-shaped laceration on the occiput.   All of the adult heads that fractured 

during the failure drops had more catastrophic injuries than the 9-year-old and 16-year-

old heads.   The only fact that was consistent across all adult head drops was that there 

were no diastatic fractures.   
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Table 6-17:  Results of the adult failure drop tests.  * denotes that no skull fracture occurred. 

Specimen 
Age 

(months) 

Drop 
Height 

(meters) 
Impact 

location 
Peak 

Force (N) 

Peak 
Acceleration 

(g) HIC 

A04M* 708 1.67 Occiput 12441 389 2230 

A05M 696 2 Forehead 13063 454 2097 

A07M 804 2 Forehead 14243 405 1437 

A08M 684 2 Forehead 8744 258 1269 

Forehead 
Averages 

728 
 [66] 

  12017 
[2995] 

373         
 [102] 

1601  
[438] 

 

6.4.3.1 Individual Description of injuries  

The 5-month-old (P12M) sustained a total of five fractures:  three linear fractures 

and two fractures with separation.  Fractures occurred in the left frontal bone, right 

parietal bone and the right coronal suture.  The right parietal had a linear fracture with 

separation that extended from the right coronal suture to the lambdoid suture passing 

through the ossification center.  The right parietal bone also had a linear fracture that was 

perpendicular to the comminuted fracture and had large displacement (Figure 6-114).  

The linear fracture extended towards the sagittal suture but did not interact with it.  The 

left frontal bone sustained hairline linear fractures that lack both displacement and depth 

(Figure 6-115).   
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Figure 6-38:  Schematic of the fractures for P12M (5-month-old).  There was a large linear fracture 

with separation in the right parietal bone as well as a long linear fracture with displacement.  The 

right coronal suture was disconnected which classified it a diastatic linear fracture with separation.   

The force-time pulse is shown in Figure 6-106.  The head also had two hairline fractures on the left 

frontal bone.  The actual pictures are in the appendix (Figure 6-114 and Figure 6-115) 

 

The 9-month-old (P14M) sustained the highest number of fractures from the 2-

meter impact.  It sustained five diastatic suture fractures and fractures in four bones.  The 

diastatic fractures included a linear with separation fracture of the metopic suture, a linear 

fracture with separation of the right frontozygomatic suture, a linear fracture of right 

sphenofrontal suture, a linear fracture of the left frontozyogmatic suture and a linear right 

coronal suture fracture.  The diastatic fracture of the metopic suture extended from the 

fontantelle into the nasion and continued into both orbits.   Extending to the left 

perpendicular to the metopic fracture was a left frontal linear fracture that showed 

displacement.  The approximate impact location was at this fracture.  The right frontal 

bone had a linear fracture that was approximately 37mm long and connected with the 

right sphenofrontal fracture as well as the right frontozygomatic fracture. 
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Figure 6-39:  Schematic of the fractures that occurred during the 2-meter failure drop for P14M (9-

month-old).  The 9-month-old sustained five diastatic fractures.  The metopic suture and the right 

frontozygomatic suture sutained linear fractures with separation.  The left frontozygomatic suture 

and the right sphenfrontal suture had linear fractures.  The metopic linear fracture extended into the 

nasion and the nasion had a comminuted fracture.   The left frontal bone had a linear fracture that 

was approximately 17mm long.  The 9-month-old sustained fractures inside both orbits.   The actual 

pictures are in the appendix (Figure 6-116 and Figure 6-117).   
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The 11-month-old (P15F) sustained two fractures and a bone was disconnected 

from the fontanelle (Figure 6-118).  The right coronal suffered a diastatic linear fracture 

with separation along the length of the entire suture.  It should be noted that the coronal 

suture already had a diastatic linear fracture from the 30cm right parietal impact.  The 

right frontal bone sustained a large linear fracture with separation that traveled from the 

metopic fontanelle junction to the lower portion of the right coronal suture.  The right 

frontal bone was also disconnected from the fontanelle.  With the right frontal linear 

fracture and fontanelle being disconnected from the frontal bone, the right frontal bone 

was able to move freely (Figure 6-118).   The 11-month-old sustained no lacerations in 

the failure drop.   

 
Figure 6-40:  Schematic of the fractures of P15F (11-month-old) caused by a 2-meter failure impact.  

The 11-month-old sustained a right coronal diastatic linear fracture with separation and a right 

frontal bone fracture with separation.  Also, the right frontal bone became disconnected from the 

fontanelle.  It should be noted that the right coronal sutures sustained a diastatic linear fracture 

during the 30cm right parietal impact.  The actual pictures are in the appendix (Figure 6-117) 
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The 9-year-old (P18M) sustained one continuous fracture and a small indentation.  

The fracture was linear and occurred in the lower right portion of the frontal bone.  The 

fracture had displacement and continued into the right orbit making it an orbital fracture.  

The fracture was approximately 43mm long.    There was also small indentation that was 

approximately 3mm in diameter and was located in the middle of the forehead near the 

impact location (Figure 6-41 and Figure 6-119).  This head sustained no skin lacerations. 

 
Figure 6-41:  Fractures for the 9-year-old (P18M) that were caused by the 2-meter failure drop.  The 

9-year-old sustained a linear fracture with displacement in the lower right portion of the frontal 

bone.  The linear fracture was approximately 43mm long extending across the frontal bone and into 

the right orbit.  The 9-year-old also sustained a small indention, about 3mm wide, on the frontal 

bone.  The indentation was near the impact location.  The actual pictures of the fractures are in the 

appendix (Figure 6-119).   

 

The 16-year-old (P21F) sustained the least severe injuries of the heads that were 

included in the 2m failure drops with the smallest displacements fractures and small 

number of fractures.  The skin had no lacerations yet the skull sustained three fractures 

during the impact.  Two were hairline linear fractures and one was an orbital fracture.  
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The two hairline linear fractures were located on the frontal bone and extended to the 

approximate impact site, but did not intersect.  One fracture extended down the midline 

of the forehead and terminated in the nasion suture.  It measured approximately 6.5cm.  

The second hairline fracture was to the right of the first and continued into the right orbit.  

It measured approximately 4.8cm form the fracture endpoint to the orbital.    

 
Figure 6-42:   Schematic of fractures for the 16-year-old (P21F) caused by a 2-meter failure drop.  

The head sustained no lacerations during the drop, but did sustain three fractures.  Two of the 

fractures were hairline linear fractures with no displacement in the frontal bone.  The largest 

fracture extended from the middle of the forehead down through the midline of the forehead and 

into the nasion suture.  The fracture measured approximately 6.5cm long.  The second linear 

fracture had an endpoint above the right orbit and continued into the orbital causing a right orbital 

fracture.  The distance from the fracture end-point to the orbit was approximately 4.8cm long.  The 

actual pictures of the head are in the appendix (Figure 6-120) 

 

Unlike the other failure drops, the adult head, A04M, a 59-year-old male, was 

dropped from 1.67 meters onto the occiput.  The head sustained a major “T” shaped 

stellate laceration on the back of the head (Figure 6-121).  A dissection and inspection of 

the outside and inside of the cranial vault showed no fractures.   
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A05M, a 58-year-old male, sustained a laceration on the forehead at the impact 

location during the 2m forehead impact (Figure 6-122).   The laceration was stellate and 

was approximately 2.5cm wide and 2cm high.  The impact location also sustained a 

frontal bone complex multiple linear fracture with branching.  The linear fractures went 

through the impact location, the middle of the forehead and down the midline of the 

forehead to the left orbit.  The right orbit also sustained a separate fracture that was 

independent of the right orbital and frontal bone fractures.  

 
Figure 6-43:  Schematic of the fractures sustained by A05M during the 2.0 meter forehead impact.  

The impact caused a complex multiple linear fracture in the forehead.  The complex fracture had a 

major fracture that extended from the impact location into the left orbit.  The complex fracture also 

had three branches that extended from the major fracture.   Further, there was a fracture in the 

right orbits.  The red lines represent the fractures.  The actual pictures of the fractures are located at 

Figure 6-122.   

A07M, a 67-year-old male, sustained the most catastrophic injuries of the heads 

include in the failure drops.  A07M sustained a linear vertical laceration at the forehead 

impact site (Figure 6-124 and Figure 6-44).  The laceration measured 10mm long and 

2mm wide.   A07M also sustained two depressed fractures, three linear fractures with 

separation, two orbital fractures and one linear fracture with displacement.  The major 
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fracture was a large depression fracture in the forehead that formed a semi-circle that was 

approximately 6cm across (Figure 6-125).   Connected to this large depression fracture 

were two comminuted linear fractures that extended into the right parietal bone and the 

left orbit, as well as one linear fracture with displacement that extended towards the 

sagittal suture.  Inside of the large depressed fracture was a small depressed fracture 

where the other table was crushed into the trabecular bone (Figure 6-125).  The small 

depressed fracture was located directly under the laceration at the impact site.  This small 

depressed fracture adjoined a linear fracture with separation that extended into the right 

orbit (Figure 6-126). Both orbits sustained fractures (Figure 6-126).  

 
Figure 6-44:  Schematic of the fractures of A07M (67-year-old) caused by a 2m drop onto the 

forehead.  The skull experienced a large frontal bone depressed fracture that created a semi-circle 

around the impact location.  From the depressed fracture, two linear fractures with separation 

propagated toward the right parietal and towards the left orbit.  Inside the large depressed fracture, 

there was a small depressed fracture where the top frontal cortical bone was crushed in.  Connected 

to this small depression fracture was a fracture with separation that extended about 30º from the 

vertical into the right orbit.  The red lines represent the fractures.  The actual pictures of the 

fractures are located in Figure 6-125 and Figure 6-126.   
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A08M, a 57-year-old male, sustained multiple fractures that were all 

interconnected; yet this head sustained neither lacerations nor orbital fractures from the 

2m forehead impact.  The forehead sustained complex linear fractures that extended to 

the nasion and through the sphenofrontal suture (Figure 6-127).  The nasion sustained a 

linear fracture with displacement (Figure 6-128).  The sphenoid bone sustained a 

comminuted fracture in which the bone fragment fell inside the skull (Figure 6-128).  A 

linear fracture propagated through the right sphenofrontal suture and the right temporal 

bone before stopping in the posterior of the right parietal bone.  The level of displacement 

in the fracture varied throughout the fracture (Figure 6-128).  

 
Figure 6-45:  Schematic of the fractures sustained by A08M during the 2m failure drop onto the 

forehead. The complex linear fracture of the forehead extended through the sphenoid bone and into 

the parietal bone.  This fracture crossed both the sphenofrontal suture and the squamosal suture.  It 

had displacement in the temporal bone, but none in the parietal bone. The fracture also caused a 

comminuted fracture in the sphenoid bone that in turn caused a bone fragment to fall inside the 

skull.  A08M sustained no orbital fractures.  The actual pictures are in the appendix (Figure 6-127 

and Figure 6-128)   
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Table 6-18:  Fracture cause, fracture location, fracture type and laceration location for all specimens.  

* denotes that a failure drop was not performed.  # denotes that the injury came from a “non-

destructive” head drop and is described in Table 6-7.   

Specimen Fracture Cause Fracture Location Fracture Type Lacerations 

P07M* No Fracture - - - 

P13F* No Fracture - - - 

P08M* No Fracture - - - 

P05F* No Fracture - - - 

P03M* No Fracture - - - 

P06F* No Fracture - - - 

P12M 150mm R Parietal 
Drop (2m Drop 

Performed) 

R. parietal#; R.parietal (farther 
propagated); R. coronal suture 

R. frontal 

Linear; linear 
diastatic with 
separation; 

hairline linear 

- 

P14M 2m Drop Both frontal, Both orbits, R. 
coronal suture, Nasion; R. 
sphenfrontal suture; Both 
frontozygomatic suture; 

Metopic suture 

Linear; orbital, 
diastatic linear; 
comminuted; 

diastatic linear 
with separation 

- 

P15F 300mm drop R. 
Parietal (2m Drop 

Performed) 

R Coronal Suture#; R. coronal 
suture (propagated); L. frontal 

Diastatic linear 
with separation; 

linear with 
separation  

- 

P17F* 150mm vertex drop L. coronal suture Diastatic linear - 

P18M 2m Drop Forehead,  R. Orbit Linear; small 
indentation 

Orbital;  

- 

P21F 2m Drop Forehead,  R. Orbit Hairline linear, 
orbital 

- 

A08M 2m Drop Forehead, R parietal,R.  
Spheniod, Nasion, R. temporal, 

sphenofrontal suture 

Complex linear; 
Comminuted; 

Diastatic 

- 

A05M 2m Drop Forehead; Both orbits Complex multiple 
linear; orbital 

Forehead 

A04M No fracture - - Occiput 

A01M* No fracture - - - 

A07M 2m drop Forehead, Orbits; R. parietal Depressed, linear 
with separation; 

linear 

Forehead 

A06M* Nofracture - - - 
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6.4.4 Injury Curve Analysis 

For those heads 9-year-old and older, the NTHSA injury risk curve predicted that 

8% of the sub-failure drops would sustain a failure, though none failed (Equation 6-2, 

Figure 6-1 and Figure 6-46).  In the case of the failure drops, it predicted fracture for 73% 

of the impacts, and fracture occurred in 83% (5 of 6) of the drops.  The only failure drop 

that did not cause a fracture was the 1.67m occipital drop.  The R
2
 value for the NTHSA 

injury risk curve was 0.59.    

 
Figure 6-46:  NTHSA injury risk curve with the experimental data from the sub-failure and failure 

drops.  The heads 9-years-old and older were included.  A value of 1 indicates that a fracture 

occurred whereas a value of 0 indicates that a fracture did not occur.    

 

Table 6-19:  Fracture rates for the sub-failure and failure drops, as well as and the average predicted 

fracture probability from the NTHSA injury risk curve.   

 
N 

Average 
fracture rate 

Average predicted fracture 
rate from NTHSA injury 

risk curve 

Sub-failure Drops 75 0% 7% 

Failure Drops 6 83% 73% 
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An analysis of the lacerations showed two trends.  The first was that no pediatric 

head sustained a laceration while three out of the four adult heads sustained a laceration 

during the failure impacts.  The second trend was that no lacerations occurred for impact 

forces below12000N.   

 
Figure 6-47:  Drop force versus presence of skin laceration.  Two lacerations occurred for adult 

forehead 2-meter impacts and one during the 1.67-meter occipital impact.  None of the pediatric 

heads had lacerations and none of the “non-destructive” 15cm or 30cm impacts caused lacerations.  

The circled point represents the 16-year-old (P21F) that did not lacerate during the 2-meter forehead 

impact.   

 

6.4.5 Human-ATD comparisons 

For the human ATD comparisons, the percentage standard deviations, which were 

derived from the adult heads, used for the peak acceleration, HIC and dynamic stiffness 

are shown in Table 6-20.   
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Table 6-20:  Percentage standard deviations used for the human-ATD comparison for the 5-month-

old, 11-month-old, 22-month-old and 9-year-old.  They were taken from the adult standard 

deviations.   

Variable Forehead Occiput Vertex Right Parietal Left Parietal 

Acceleration 16% 9% 8% 12% 19% 

HIC 29% 12% 17% 27% 28% 

Impact Stiffness 29% 26% 18% 22% 37% 

 

The comparisons between the 6-month CRABI and the 5-month-old are shown in 

Figure 6-48 to Figure 6-50.  For resultant acceleration, the 15cm parietals impacts and 

15cm vertex impacts and all of the 30cm impacts were statistically different for 5-month-

old according to the z-tests (p<0.05).  The largest differences between the two heads 

drops onto the left parietal, in which, the 6-month CRABI produced accelerations 3 times 

higher than the 5-month-old.  The most similar peak accelerations occurred in the 15cm 

occiput and the 15cm forehead where the differences were less than 20%, however, these 

differences increased for the 30cm impacts (Figure 6-48). 
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Figure 6-48:  Peak resultant acceleration values of the 5-month-old and 6-month CRABI.  * denotes 

that the peak resultant accelerations at that drop height and location are significantly different 

according to multiple z-tests (p<0.05).  The standard deviations for the human head were taken from 

percentage standard deviations of the adult heads.  It should be noted that a fracture occurred for 

the 5-month-old in the 15cm right parietal impact.   

 

For HIC values, the15cm and 30cm  parietal impacts and the 30cm forehead drops 

produced values that were statistically different between the 5-month-old and 6-month 

CRABI according to z-tests (p<0.05) (Figure 6-49).  The right parietal impacts showed 

the largest differences in HIC between the 5-month-old and 6-month CRABI as the 6-

month CRABI produced values that were 4 and 5 times higher than those of the 5-month-

old for both 15cm and 30cm impacts.  The vertex drops were most similar between for 

the two heads as the 15cm and 30cm had only a 4% and 9% difference, respectfully.  The 

forehead and the occiput impacts produced the statistically the same HIC for the 5-

month-old and 6-month-old CRABI at both heights.   
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Figure 6-49:  HIC values of the 5-month-old and 6-month-old CRABI.  * denotes that the 6-month 

CRABI is statistically different from the 5-month-old for that specific drop according to multiple z-

tests (p<0.05).   The standard deviations for the human head were taken from percentage standard 

deviations from of the adult heads.  

 

For the impact stiffness, all parietal drops and the 30cm forehead produced 

statistically higher values for the 6-month CRABI when compared to the 5-month-old 

(Figure 6-50).  The biggest difference was between the 30cm left parietal impact which 

was 25 times higher for the 6-month-old CRABI than the 5-month-old.  In the majority of 

the cases, the 6-month CRABI produced values that were higher than the 5-month-old.  

In fact, for 7 of the impacts the HIC values of the 6-month CRABI were higher than those 

of the 5-month-old, with four of them being statistically higher (multiple z-tests p<0.05).   
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Figure 6-50:  Impact stiffness comparison between the 5-month-old and the 6-month-old CRABI.  * 

denotes that the 6-month-old CRABI and 5-month-old are statistically different according z-tests 

(p<0.05).  The standard deviations for the human head were taken from percentage standard 

deviation from the adult heads.  

 

The comparisons between the 11-month-old and the 12-month CRABI are shown 

in Figure 6-51 through Figure 6-53.  Multiple z-tests illustrated that the 12-month CRABI 

values were statistically different from the 11-month-old values for the vast majority of 

the comparisons (p<0.05).   For the resultant acceleration, only the 15cm left parietal and 

30cm forehead impact for the 12-month CRABI statistically matched the 11-month-old.  

Only for the 15cm and 30cm occipital impacts did the 11-month-old produce 

accelerations that were higher than the 12-month CRABI.  The 15cm and 30cm occipital 

impacts for the 12-month CRABI had the largest difference in acceleration being 46% 

and 47% from those of the 11-month-old.  The 12-month CRABI correctly predicted the 

peak acceleration of the 30cm forehead impact at 109.5g, but was 25% different from the 

11-month-old.   
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Figure 6-51:  Average peak resultant accelerations of the 11-month-old and 12-monthold CRABI.  

The * denotes that the accelerations are statistically different according to z-tests (p<0.05).  The 

standard deviations for the human head were taken from percentage standard deviations of the adult 

heads.   It should be noted that fracture occurred at the 30cm right parietal impact for the 11-month-

old. 

 

For the HIC values, again only two of the drops were statistically the same for the 

11-month-old and 12-month CRABI according to multiple z-tests (p<0.05) (Figure 6-52). 

The 15cm forehead was statistically the same for the two heads however, for the 30cm 

forehead HIC the 12-month CRABI value was 68% higher than the 11-month-old.  The 

15cm left parietal HIC values were statistically the same for both heads, but were 

significantly different in the 30cm drop. Further, the HIC values were significantly 

different for both right parietal impacts.   The largest differences in HIC values came 

from the forehead impacts, as the HIC of the 15cm impact for the 12-month CRABI was 

more than double value of the 11-month-old.   
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Figure 6-52:  Average HIC values for the 11-month-old and 12-month CRABI.  * denotes that the 11-

month-old and 12-month CRABI are statistically different.  The standard deviations for the human 

head were taken from percentage standard deviations of the adult heads.  

 

For the impact stiffness, the only one of the ten values were statistically same for 

the 12-month CRABI and the 11-month-old according to multiple z-tests (p<0.05).  The 

11-month-old and 12-month CRABI 15cm forehead stiffnesses were statistically the 

same, with a 23% difference between the two stiffness values.  The impact stiffnesses of 

the 12-month CRABI occipital impacts were statistically lower (p<0.05) than those of 11-

month-old occipital impacts, but all parietal impacts and  all 30cm impacts showed 

statistically higher stiffnesses for the 12-month CRABI according to z-tests (p<.0.05).    
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Figure 6-53:  Average impact stiffness for the 11-month-old human head and the 12-month CRABI 

head.  * denotes that the impact stiffness of the 11-month-old and the 12-month-old CRABI are 

statistically different.  The standard deviations for the 11-month-old were obtained from the 

percentage standard deviations of the adult head impact stiffnesses.  

 

For the 22-month-old, no direct comparisons could be made.  However, the 12-

month CRABI, the 3-year-old HIII and the 3-year-old Q3 were compared to identify 

differences.  The 3-year-old Q3 had peak average accelerations as much as 4 times higher 

than the 22-month-old.  Further, the 3-year-old Q3 had HIC values and impact stiffnesses 

as much as 9 times and 2.5 times those of the 22-month-old, respectively.  Overall, the 

22-month-old was much closer to the 12-month CRABI for the resultant acceleration and 

HIC values, while it was closer to the 3-year-old HIII for impact stiffness.   
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Figure 6-54:  Peak average acceleration for the 22-month-old, 12-month CRABI, 3-year-old HIII and 

3-year-old Q3.  The standard deviations for the 22-month-old were taken from percentage standard 

deviations of the adult heads. It should be noted that the 22-month-old fractured on the 15cm vertex 

impact.   

 

 
Figure 6-55:  Average HIC values for the 22-month-old, 12-month CRABI, 3-year-old HIII and 3-

year-oldQ3.  The standard deviations for the 22-month-old were taken from percentage standard 

deviations of the adult heads.  It should be noted that the 22-month-old fractured on the 15cm vertex 

impact.   
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Figure 6-56:  Average impact stiffnesses for the 22-month-old, 12-month CRABI, 3-year-old HIII and 

3-year-old Q3.  The standard deviations for the 22-month-old were taken from percentage standard 

deviations of the adult heads.  It should be noted that the 22-month-old fractured on the 15cm vertex 

impact.   

 

The 10-year-old HIII produced higher impact values than the 9-year-old for 

resultant acceleration, HIC and impact stiffness (Figure 6-57 to Figure 6-59).  For the 

peak resultant, only the 15cm forehead impact did not show a statistical difference 

between the two heads.  The largest acceleration difference between the 10-year-old HIII 

and the 9-year-old was seen in the occipital impacts where the 10-year-old HIII’s value 

was 64% and 89% higher than the 9-year-old’s respectively.  The peak acceleration of the 

10-year-old HIII was within 2% of that of the 9-year-old for the 15cm forehead impact, 

but that difference expanded to 32% for the 30cm impact.     
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Figure 6-57:  Average peak acceleration for the 9-year-old and the 10-year-old Hybrid III.  The * 

denotes that the peak accelerations of the 9-year-old and the 10-year Hybrid III are statistically 

different (multiple z-tests p<0.05).   

 

For the HIC, the 10-year-old HIII produced higher values than the 9-year-old.  

The one exception was the 15cm forehead impact, where the HIC of the 10-year-old HIII 

was 5% lower than that of the 9-year-old.  The 10-year-old HIII statistically matched the 

HIC value for the 9-year-old for 4 out of 10 head impacts both of the forehead impacts 

and both of the left parietal impacts.   The largest difference in HIC was between the 

occipital impacts with differences of 67% and 86% with the 10-year-old HIII being 

larger.  The largest difference in HIC change between drop heights was found in the 

vertex drops, where the 10-year-old HIII’s HIC was within 21% of that of the 9-year-old, 

but changed to 87% for the 30cm vertex impact.    
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Figure 6-58:  Average HIC values for the 9-year-old and the 10-year-old Hybrid III.  * denotes a 

statistical difference between the HIC values of the 9-year-old and 10-year-old Hybrid III.  The 

standard deviation came from the percentage standard deviation of the adult.   

  

For the impact stiffness, the 10-year-old HIII always produced stiffness values 

that were higher than those of the 9-year-old.  The drop that produced the closest impact 

stiffnesses between the two heads, which were statistically the same using z-tests 

(p<0.05) was the 15cm forehead impact.   However, for the 30cm forehead impact the 

forehead stiffness was 2.5 times the 9-year-old’s forehead stiffness.  The largest 

difference between the two heads was found in the 30cm occipital impact where the 10-

year-old Hybrid III’s stiffness was more than three times the 9-year-old’s stiffness.   
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Figure 6-59:  Average impact stiffnesses of the 9-year-old head and 10-year-old Hybrid III.  * denotes 

that the stiffnesses of the 9-year-old and 10-year-old Hybrid III are statistically different according 

multiple z-tests (p<0.05).  The standard deviation came from the percentage standard deviations of 

the adults.   

 

The adult heads and the adult Hybrid III were in the most agreement out of the all 

of the ATD-human comparisons.  For the resultant acceleration comparison, the 

generalized linear model showed that the there was no statistical difference between the 

adult heads and the adult Hybrid III heads (p=0.25) (Figure 6-58).  The differences for 

each impact location ranged from 14% to 21% with the largest difference exhibited by 

the 30cm occipital impact.   
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Figure 6-60:  Average peak resultant accelerations of the adult Hybrid III and the adult heads (n=6).  

The adult heads and the adult Hybrid III values are not statistically different according to a 

generalized linear model using head type (adult or Hybrid III), impact location and drop height as 

the variables (p=0.25). 

 

For HIC, the adult heads and the adult Hybrid III head were shown not to be 

statistically different according to a generalized linear model using head type (adult or 

Adult Hybrid III), impact location and drop height as the variables (p=0.41).  The largest 

differences in drops ranged from 24%-27%.  The HIC of the 30cm occipital impact had 

the largest difference at 27%.  The forehead drops resulted in HIC values that were the 

most similar between the adults and the Hybrid III, with the differences between the HIC 

values for the 15cm and 30cm impacts being 1% and 3%, respectively.   
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Figure 6-61:  HIC values of the adult Hybrid III and the adult heads (n=6).  A generalized linear 

model showed that the adult heads and the Hybrid III heads were not statistically different for HIC 

response during 15cm and 30cm impacts (p=0.41).   

 

The adult impact stiffnesses were not statistically different from the adult Hybrid 

III according to a generalized linear model using head type (adult or adult Hybrid III), 

impact location and drop height as variables (p=0.12) (Figure 6-62).  The statistically 

different stiffnesses resulted from the 15cm vertex impact and the 30cm right parietal 

impact.  The forehead impacts had the most similar stiffness values between the adult 

heads and the adult Hybrid III, with differences of 1% and 3% for the 15cm and 30cm 

impacts, respectfully (Figure 6-62).   
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Figure 6-62:  Impact stiffness values for the adult Hybrid III and the adult heads (n=6).  The adult 

head and the adult Hybrid III head was found not to be statistically different according to a 

generalized linear model (p=0.12).   

 

6.5 Discussion 

The goal of this study was to investigate the impact properties of the pediatric, 

adult and ATD head.  Heads were dropped onto a rigid plate and the resulting force-time 

pulses were analyzed.  The peak acceleration, HIC, change in vertical kinetic energy, 

impact stiffness and pulse duration were used to understand how the drop height, impact 

location and age of the heads change their impact properties.   

Previous studies have conducted impact tests with the head attached to the neck in 

which an impactor strikes the head of a whole cadaver, as well as drop tests in which a 

complete cadaver or a head and neck system are dropped together (Hodgson 1967; 

Hodgson and Thomas 1971b; Nightingale 1993).  However, the current study has the 

advantage of an isolated head in free-fall, experiencing no translational or rotational 
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motion before impact.  This insures that the impact of the head is evaluated without the 

coupling effects of the neck, and that all of the energy of the impact is absorbed by the 

head (Yoganandan et al. 2004).  The rigid surface of impact and the one-dimensional 

motion of the head are easy to model using mathematics or finite elements and can be 

used for model validation (Zhang et al. 2001a; Coats et al. 2007).   In addition, the 

technique used in this study is the current certification test as set by NHTSA for the 

Hybrid III and child ATDs (Foster et al. 1977).  However, on potential concern in 

conducting these tests is that air voids in the skull can allow secondary impacts of the 

brain with the inside of the skull to occur, which would be seen in the data.  This issue 

was avoided in the current study by using saline to remove any air voids, forcing the 

brain and cerebrospinal fluid to be in contact with the inner table of the skull during 

impact (Prange et al. 2004).   

The most similar dataset to that of the current study is the work conducted by 

Hodgson and Thomas.  They conducted a series of head drop experiments, in which 

entire embalmed bodies were dropped onto the forehead from 25.4mm (10 inches) 

(Hodgson and Thomas 1971b).  Using their head mass and peak load cell force, the peak 

resultant accelerations could be calculated (Table 6-21).  No statistical difference was 

found between the Hodgson and Thomas 25.4mm forehead impacts and the 30cm adult 

forehead impacts of the current study.  The 25.4mm drops exhibited slightly lower 

response values however, but this is likely due to the slightly lower drop height.    
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Table 6-21:  Peak resultant acceleration of Hodgson and Thomas head impact of embalmed heads 

and of the current study.  The Hodgson drops were from 25.4 cm and were onto the forehead and the 

current drops were from 30cm onto the forehead (Hodgson and Thomas 1971b).  The 25.4 forehead 

impacts and the 30cm forehead impacts are not statistically different.   

Hodgson's 
Cadaver # 

Peak 
force (N) 

Head Mass 
(kg) 

Peak 
Resultant. 

Acc. (g) 
Current 

Cadaver # 
Head Mass 

(kg) 

Peak 
Resultant 

Acc. (g) 

1701 6450 3.63 181 A01M 3.16 203 

1699 7562 4.54 170 A02M 3.27 172 

1805 6450 4.54 145 A04M 3.21 141 

1873 9341 4.54 210 A05M 3.08 172 

1857 8896 5.35 169 A06M 3.41 172 

    
A07M 3.45 220 

Average 
7740 
[1347] 

4.52 
 [0.61] 

175 
 [23.5] 

 

3.26 
 [0.14] 

180 
 [27.6] 

 

6.5.1 Effects of Drop Height 

Drop height was shown to significantly increase the dynamic stiffness (Figure 6-

6, Figure 6-10 and Figure 6-17).  This was true for both the humans and ATDs.   There 

are two potential reasons for the observed increase in dynamic stiffness of the head.  The 

first is that head stiffness could be rate dependent (Stronge 2000b).  This is plausible, as 

response of the soft tissue that surrounds the human skull and the vinyl skin that 

surrounds the ATD heads have both been shown to be rate dependent (McElhaney et al. 

1969; Wood et al. 2010).  The second reason is that the added energy of the impact 

causes more compressive deformation of the head during impact.  This is demonstrated in 

Figure 6-63, as the adult heads had more deformation in the higher drops than the lower 

ones (Figure 6-36).  As the stiffness increased the HIC and acceleration followed, as the 

stiffness and acceleration are positively correlated for both non-linear and linear models 
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as shown in the acceleration equation for linear spring-mass system (Equation 6-4) and 

the Hertzian impact (Equation 6-5).  

 
Figure 6-63:  Peak impact displacement for the adult heads.  The added displacement and the non-

linear stiffening of the head produced the higher dynamic stiffness values.   

 

             
                             

    
 

Equation 6-4 

    

             
                 [            ]

 
 ⁄

    
 

Equation 6-5 

If the head can be models as a spring and mass system, the acceleration should 

increase with square root of the drop height.  To quantify this, the adult forehead impact 

from the current study and the Hodgson forehead impact data were regressed using a 

formula that was function of the square root of the drop height for drop heights ranging 

from 15cm to 30cm (Hodgson and Thomas 1971a; Hubbard and McLeod 1973b).  The 

equation produced a 0.61 R
2
 value and showed that the peak resultant acceleration does 
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increase proportionally to the square root of the drop height (Equation 6-6 and Figure 6-

64).    

                      ( )          √[        (  )] 
Equation 6-6 

 
Figure 6-64:  Forehead peak average acceleration versus drop height using the current dataset and 

the Hodgson and Thomas data (Hodgson and Thomas 1971b).  The R
2
 of the fit was 0.61.   

 

The vertical change in kinetic energy and pulse duration were unaffected by drop 

height for the human heads.  The change in vertical kinetic energy is a direct measure of 

the energy lost during the compression of the head or energy transferred to rotating the 

head.  Hence as a drop has higher change in vertical kinetic energy, less energy is placed 

into the rebounding of the head.  For  a viscoelastic material, the  vertical change in 

kinetic energy also described as hysteresis has been shown to be velocity dependent (in 

this case drop height dependent), while for a visco-fluid material, the vertical change in 

kinetic energy is velocity independent (Ramirez et al. 1999; Ismail and Stronge 2008; 

Schwager and Poschel 2008).  The fact that the change in kinetic energy was unaffected 
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by drop height provides evidence that the human heads are governed by visco-fluid 

effects as opposed to viscoelastic effects.  Further support for this is shown by the level 

of restoration that is achieved during the impact since visco-fluid material are still 

compressed at the point of rebound (Figure 6-65) (Ismail and Stronge 2008).  For 

example, Figure 6-14 and Figure 6-15 show that for an adult and neonate heads 

rebounded off of the platen while the heads were still compressed 2.25mm and 3.5mm, 

respectively.  This is not to say that head did not eventually recover, but that the head 

could behave a like visco-fluid material over the time period of an impact and not have 

time to recover by the moment of impact (Figure 6-65).   

 
Figure 6-65:  Example the fore-displacement curve for a visco-fluid model.  This picture was 

modified from a Ismail and Stronge publication (Ismail and Stronge 2008) 

  

The result that pulse duration is independent of drop height also points to the head 

behaving like a visco-fluid material.  The increase in drop height means that the head will 

experience an increase in damping, but an increase in damping typically does not 

significantly affect the pulse duration during impact.  This can be demonstrated using the 
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Maxwell fluid model where a non-dimensional analysis shows how dramatic changes in 

the damping force constant (c) can have little effect on the pulse duration.  Figure 6-66 

shows that the pulse duration changes by only 30% as it moves from a normalized 

damping constant of 75% to an infinite damping constant (Stronge 2000b).    

 
Figure 6-66:  The normalized force versus time for Maxwell linear viscoelastic material (Stronge 

2000b).  This demonstrates how little the pulse duration changes with increasing damping.  This 

explains why the pulse duration did not change with drop height and did not affect the pulse 

duration for all head drops, as the increased damping for the faster impacts had little effect on the 

pulse duration.  This picture was redrawn from Strong 2000 (Stronge 2000b).   

 

On the contrary, the vertical changes in kinetic energy for the ATDs were shown 

to be drop-height dependent. Figure 6-34 and Figure 6-35 demonstrate how the vertical 

change in kinetic energy of the ATDs increased with increased drop height.  It has been 

shown that the change in energy and are velocity dependent in viscoelastic spherical 

models using coefficient of restitution calculations (Ramirez et al. 1999).  This provides 

evidence that the ATD heads behave like viscoelastic solid structures.  Typically this is 

how the ATD head is modeled and matches the characteristics of the rubber polymers or 

vinyl that make the outer skin of the head (Mertz 1993; Wood et al. 2010).  Additionally, 
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some of the impacts showed that ATDs heads rebounded off of the impact plate with 

head no residual compression which is not a characteristic of viscoplastic models and is 

more common in viscoelastic solid models (Myers et al. 1991; Stronge 2000b) (Figure 6-

30, Figure 6-32 and Figure 6-36).  However, this finding was not universal across all 

ATD drops (Figure 6-31 and Figure 6-33).  The difference in the ATD and the human 

head may mean that they should be analytically modeled differently, by simulating the 

ATD heads using viscoelastic solid models while simulating human heads using visco-

fluid models.   

6.5.2 Effect of Impact Location 

The impact location was shown to be a significant variable for all impact 

properties except for pulse duration for the pediatric human heads and all ATD heads. 

This makes the head impact location one of the most important factors in the impact 

response of the head. A survey of the mechanical properties demonstrate a common 

trend:  that drops onto  the vertex produced the highest values for properties that 

demonstrated that the head absorbed more energy during the impact for that vertex 

(acceleration, HIC, dynamic stiffness and lower vertical change in kinetic energy) while 

the parietal values showed that its impact absorbed the lowest amount of energy (Figure 

6-6, Figure 6-10, Figure 6-17 and Figure 6-21).  This difference is largely due to the 

differences in head kinematics during impact for each impact locations.  For the vertex 

drops, the impact direction was in the line of action of the center of gravity as illustrated 

by the lack of rotation of the head after impact, which caused the higher accelerations, 
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higher HIC values, lower changes in vertical kinetic energy and lower pulse durations 

even though pulse duration was not significantly different.     

Conversely, for the parietal impacts, the center of gravity (CG) of the head was 

not in the line of action of the collision.  This was evidenced by the large amount of 

rotation seen in the impact videos as well as by the lower acceleration and HIC.  This 

effect of oblique loading was also present in the ATD impacts where the parietal impacts 

had statistically lower acceleration and HIC values because energy was transferred from 

the one dimensional motion to rotational motion (Table 6-8, Table 6-11, Table 6-15 and 

Figure 6-35).  This effect has also been seen in previous study of helmet impacts where 

more oblique impacts had lower HICs and peak accelerations (Finan et al. 2008).  An 

example of this effect is shown in the differences between the right parietal and vertex 

adult Hybrid III 30cm drops.  A visualization of this effect can be observed in the 

pictures of the impacts and quantitative analysis of the effect can be observed in the 

average angular acceleration (Figure 6-67).  The video shows large amounts of rotations 

with less rebound for the parietal impacts and small rotations and more rebound for the 

vertex impact (Figure 6-67).  Quantitatively, the angular displacements could be 

calculated from the tracking of the dots.  It showed right parietal impact head an absolute 

average angular acceleration of 2178 radian per second
2
 and an absolute average velocity 

of 11.4 radians per second which were both approximately three times the vertex angular 

acceleration which was 710 radians per second
2
 and vertex average velocity of 3.58 

radians per second.   
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Figure 6-67:  Video footage of the parietal impact (top) and vertex impact (bottom).  The parietal 

impacts had the line of action not aligned with the CG location which caused more rotation and less 

rebound.  The vertex impacts were in the line of action of the CG, which caused more rebound and 

less rotation.  The top row shows the kinematics of a Hybrid III 30cm right parietal impact.  The 

head had a max rebound of 9mm (top middle) and exhibited a higher absolute average angular 

acceleration of 2178 radians per second.  The bottom row depicts the kinematics of a Hybrid III 

30cm vertex impact.  The head had a maximum rebound of 37mm (bottom right) with a lower 

absolute average angular acceleration of 710 radians per second.  These trends were true for both 

ATD and human heads.   

  

The second reason for the difference in impact response across different impact 

location was the head anatomy.  A review of the literature indicates that each of the 
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impact locations had different skull thicknesses (Table 6-22).  The impact region that 

averaged the highest skull thickness from the literature produced the highest acceleration, 

HIC and dynamic stiffness values with the lowest pulse duration.  In descending order, 

the vertex, midline of the frontal bone and the lambda (the junction of the two parietal 

bones and the apex of the occipital bone) had the largest thicknesses and their impact 

properties denote that they were the locations with the stiffest response.  The opposite 

was true for the parietal impacts as they had the lowest thicknesses, and consequently the 

lowest acceleration, HIC and impact stiffness values.  This could mean the thinner 

regions of bone cause the head to have a lower stiffness response for an impact onto that 

region while the thicker regions cause the head to a have a stronger stiffness response.  

Since the head response of the head in impact is controlled by local impact region 

(demonstrated below in Section 6.5.4), the difference in bone thickness could explain the 

differences in impact response.     

Table 6-22:  Thickness measurements reported in the literature for different locations of the adult 

skull.   

Skull location Skull thickness (mm) Reference 

Midline frontal bone* 7.044 (Lynnerup 2001) 

Vertex*+  7.2-7.4 (Getz 1960) 

Lambda%  6.9 (Ishida and Dodo 1990) 

Parietals at the euryons* 5.04 (Lynnerup 2001) 

Parietal eminences#  4.7 (Ishida and Dodo 1990) 

Frontal eminences# 4.0 (Ishida and Dodo 1990) 
* Denotes the impact locations for the drops performed in this study. 
% Denotes that the impact location for the adults and youth head.  The impacts were directly onto the occipital 

bone for younger heads because of younger head’s anatomy.  

# Denotes that this is the place of ossification centers 
+ Denotes a measurement of apex of the parietal bone  
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The ATD heads showed a dependence on impact location for the HIC and 

dynamics stiffness (repeated-measures ANCOVA p<0.05), just as the human heads did.  

Also, like the human heads, the differences in the line of action of the collision and CG 

location of the head impact varied with impact location and hence caused the impact 

properties to be dependent on impact location.  Beyond that, other factors also 

contributed to the impact location dependence of the ATD responses.  The first factor 

was that the majority of the head were designed to model for only one head impact 

location.  In fact, the 6 and 12-month-old CRABIs, the 3 and 6-year-old Hybrid IIIs and  

the adult Hybrid III only have impact specifications for the forehead impact (Melvin 

1995; Irwin and Mertz 1997).  The 3-year-old Q3 dummy was the only ATD included 

this study designed for multiple impact location as it was designed for both parietal and 

forehead impacts (van-Ratingen et al. 1997).   These ATDs were designed in this way 

because the forehead was the only head location in which adequate uncoupled impact 

acceleration data existed when the ATDs were being developed.  The other head 

locations had either only force data at fracture or acceleration data in which the head was 

coupled with the neck (Nahum et al. 1968; Hodgson and Thomas 1973).  It is plausible 

that the ATD skin specification for the other impact locations were honed to meet other 

property specifications such as head size, head mass or head CG location.   

The second reason for the dependence upon impact location is the variance in the 

thickness of the ATD skin. Wood et al. noted that that the skin thicknesses were different 

for the right and left parietals of the adult Hybrid III and hypothesized that differences 
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could lead to differences in the lateral response (Wood et al. 2010).  This could be the 

case across all impact locations.  This was observed for the 10-year-old Hybrid III at the 

occiput, as it could be seen to have a smaller skin thickness and higher resultant HIC 

values and dynamic stiffness values (Figure 6-68).  For the 6-month CRABI, the parietal 

impacts were dramatically stiffer than the other locations due the placement of 

accelerometers and the skin thickness (Van-Ee et al. 2009a).  During the parietal impacts, 

particularly for the left side, the dummy head bottomed out, which caused large increases 

in the resultant acceleration of the 6-month-old CRABI (Figure 6-69).   

 
Figure 6-68:    Average HIC by location for the 10-year-old Hybrid III.  * denotes that 30cm drop’s 

average HIC was statistically lower than that of the 30cm drop onto the occiput, while the % denotes 

that the 15cm drop’s average HIC was statistically lower than that of the 15cm occiput drop  

(ANCOVA with post-hoc Tukey-Kramer tests p<0.036).  It is hypothesized that this is due to the 

occiput having the thinnest amount of vinyl skin out of all of the impact locations.     
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Figure 6-69:  Dynamic stiffness by location for the 6-month-old CRABI.  The parietal impacts were 

stiffer than the other locations due the interactions with the build-in accelerometer inside of the head 

and skin thickness.   

 

6.5.3 Effect of Age 

Age was shown to have the most dominant effect on the mechanical properties of 

the head, as it affected all of the head impact properties tested.  The acceleration, HIC, 

dynamic stiffness and change in vertical kinetic energy all increased with increasing age, 

while the pulse duration decreased with increasing age.  Moreover, age was a statistically 

significant predictor for each property. This makes sense because as the head grows, 

mechanical changes occur.  Specifically, the head becomes stiffer with age (Figure 6-70 

and Figure 6-71).  This increase in stiffness comes from the development of the head.  

The skull bones themselves grows from approximately 1mm in thickness at birth to 5-

10mm in the adult (Adeloye et al. 1975; Peterson and Dechow 2003b).  The cranial bones 

also transform from a one layer cortical structure to a three layer structure with two 
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cortical layers and one trabecular layer (Adeloye et al. 1975; Agur and Lee 1991).  The 

added thickness and the two outer layers create a stiffer structure (McElhaney et al. 1972; 

McElhaney 1976; Margulies and Thibault 2000).  The sutures and fontanelles that 

connect the bones change as the head develops as well.  The bone plate connections 

change from soft fiber tissue, called sutures and fontanelles to rigid connections in which 

the tissue is essentially cortical bone (Sinnatamby 2006).   First, the sutures change from 

being soft and flexible to being rigidly connected.   Then, the sutures continue to stiffen 

as they become more interdigitated  -- to the point that some have speculated that the 

interdigitated suture may be stiffer than bone  (Jaslow and Biewener 1995a; Cohen 2000).  

The fontanelle changes from being the predominant soft tissue of the skull at birth to 

being totally absent by the age of 2-years.  Like the growing bone, the changes of the 

most compliant portion of the skull to a rigid structure will make the head stiffer.  If the 

head is stiffer, the HIC and the peak average acceleration will increase while the contact 

time will decrease.  This change in stiffness was demonstrated in detail in Chapter 5, 

where the adult and neonate heads were shown to have drastically different stiffnesses.  It 

is also demonstrated in this chapter as the impact stiffnesses for the adult are more than 

90 and 20 times larger than the neonate or toddler impact stiffnesses even through the 

younger heads were compressed more (Figure 6-14, Figure 6-15 and Figure 6-16).  When 

the compression differences are equated using normalized compression, the adult head 

was 100 or more times the neonate stiffness (Figure 6-70 and Figure 6-71).   



 

 

234 

 
Figure 6-70:  Small compression (1.25% to 2.5% of the max width) lateral impact stiffness of the 

human heads versus age.  The graph shows how the lateral impact stiffness increase with age even 

when the same normalize compression amount is applied to each head.  The stiffnesses were 

calculated using the non-linear fits of the 30cm right and left parietal impacts.  The stiffnesses were 

calculated using the slope of the force-displacement fit from 1.25% to 2.5% of the maximum width.  

The left and right parietal stiffness were averaged together. The red line is a fit of the data.   

 
Figure 6-71:  The small compression (1.25% to 2.5% of the max head length) quasi-static stiffness 

and impact stiffness of the human heads versus age.  The graph shows how the stiffness of the head 

changes with age, as well as the difference between the quasi-static stiffnesses (Chapter 5) and the 

impact stiffnesses.  The anterior-posterior (AP) quasi-static stiffnesses were calculated using a slope 

of the fit of the quasi-static force-displacement compression curve.  The AP dynamic stiffnesses were 

taken from an average of slopes of the fits of the 30cm occipital and forehead force-displacement 

impact curves.   
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Additionally, the older heads showed a distinct difference in change in vertical 

kinetic energy from the neonate heads.  The difference in rebound between the ages may 

be due to differences in the properties of the scalp and rotation upon impact.  The obvious 

difference is the skin thickness between the ages.  The skin is approximately 3mm thick 

for a newborn and has been measured to be 8.6mm in adults (Figure 6-72) (Loyd et al. 

2010; Lee et al. in preparation).  This added scalp thickness may dissipate more energy 

during the impact for the adult heads.  In the past, experimental data for the scalp has 

been modeled as a viscoelastic fluid.  It has also been modeled as elastic-fluid in finite 

element models and validated using head impact data (Jamison et al. 1968; Ruan et al. 

1993).  A viscoelastic fluid or elastic-plastic scalp would dissipate more energy during an 

impact and limit the amount of rebound the head would experience.  For the younger 

heads, the scalp of the may behave more elastically or the smaller thickness of the skin 

would allow the rebound of the head to be controlled by the bone structure of the head.  

Currently, there are no pediatric scalp data to compare with adult scalp so its elasticity is 

currently just speculative.  However, the small scalp thickness may cause the scalp to 

bottom out earlier in the impact, hence limiting the energy dissipated and causing the 

kinematics of the impact to be controlled by the underlying bone structure.  
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Figure 6-72:  Scalp thickness versus age.  This shows how the scalp thickness increases with age.  The 

pediatric scalp thicknesses are in black and will be presented in Chapter 8 (Loyd et al. 2010). The 

average adult thickness is in blue and was taken from Lee et al. (Lee et al. in preparation).  The error 

bars are the standard errors.   

 

The second reason for the difference could be in the rotation of the head at 

impact.  The rigid structure of the adult head may cause the even small misalignment of 

the line of action and the center of gravity to create a large angular acceleration during 

the impact and hence a higher change in vertical kinetic energy.  For the neonate heads, 

the compliant structure allow the center of gravity to align with the line of action and 

cause less angular acceleration during impact and allow more energy to applied to the 

rebounding of the head.   

6.5.4 The Mechanics of Head Drop Impacts 

A combination of all factors point to the mechanics of the head impacting the 

aluminum plate being controlled by the local contact stiffness as opposed the global 
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quasi-static stiffness which were reported and analyzed in Chapter 5.  The first piece of 

evidence is that the quasi-static stiffness and the impact stiffness were dramatically 

different as the dynamic stiffness values were more than 5 times greater than the quasi-

static stiffness value (Figure 6-71).   The two stiffness types would only be the same if 

the head impacts were governed by the quasi-static stiffnesses and the head exhibited the 

following criteria:  being elastic, rate independent and having a small deformation during 

impact (Stronge 2000c).  However, these criteria were not met.  All of the heads were 

shown not to be elastic by the hysteresis in the compression tests and the impact tests 

(Figure 6-17 to Figure 6-20).   All of the heads were shown to be rate-dependent in the 

compression tests and by differences in response due to drop height (Chapter 5, Figure 6-

17, Table 6-12 and Table 6-13).  Also if the heads were rate independent then the 

maximum force and maximum compression would occur simultaneously (Stronge 

2000d).  This was not the case for the majority of the impacts (Figure 6-18, Figure 6-19, 

and Figure 6-33).  Only the adult heads and Hybrid III dummies experienced what could 

be considered small deformations during their impacts.  The neonatal heads and CRABI 

heads had large deformations relative to their maximum head width or head length 

(>10%).  Collectively, these observations all point to the local stiffness governing the 

mechanics of the head impacts.   

To further support this point, the heads can be analytically shown to be controlled 

by the contact stiffness by a comparison of the theoretical pulse duration and the 

calculated vibrational energy lost (ζ).  If the quasi-static stiffnesses were used, and the 
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impacts were modeled as simple spring and mass models, the theoretical pulse duration 

would be as much as 20 times more than the actual measured pulse duration (Table 6-23).  

Additionally, the non-dimensional analysis developed by Christoforou and Yigit points to 

a local response governing the response of the head as opposed to a global response 

(Christoforou and Yigit 1998; Stronge 2000a).  Christoforou used measures of the energy 

that is transferred to the plate during impact (vibrational energy loss factors) and 

measures of the impact stiffness and quasi-static stiffness to differentiate between quasi-

static stiffness (κ) and local contact stiffness ( ̅) responses (Equation 6-7-Equation 6-9).  

All of the heads studied in this paper produced vibration energy loss factors (ζ) that were 

less than 0.14 ( ̅=0.15) with the majority 0.03 or less indicating that the impact response 

lies within the local stiffness response region (Christoforou and Yigit 1998) (Figure 6-

73).  Sample calculations of this are shown in the appendix (Table 6-32).   
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Table 6-23:  Comparison between the lateral quasi-static stiffness theoretical pulse duration and the 

actual average lateral impact pulse duration.  This shows evidence that the mechanics of the head 

impacts are not governed by the quasi-static stiffness.   

Specimen 
Lateral quasi-static 
stiffness (N/mm) 

Mass 
(Kg) 

Theoretical pulse 
duration (ms) 

Actual average lateral 
impact pulse duration 

(ms) 

P08M 8 0.68 903 20.9 

P14M 39 1.45 607 14.5 

P18M 812 2.17 162 4.9 

A06M 3680 3.21 93 4.7 

12-month CRABI 74 2.66 595 9.3 

3-year-old Q3 1378 2.81 142 5.8 
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Table 6-24:  Table listing the variables and values used for the local/global response calculations.  

Example calculations are in the appendix (Table 6-32).  

Symbol Definition of symbol Value 

ρ Density of aluminum plate 2790 kg/m
3 

h Height of the aluminum plate 0.01905 meters 

ν Possion’s Ratio 0.35 

E Modulus of elasticity 7.31x10
10

Pa 

D11 Plate bending stiffness 47993Nm 

κ Impact stiffness 

  ̃ Quasi-static structural stiffness 
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Figure 6-73:  Non-dimensional parameters for impact showing for showing whether an impact is 

governed by the global stiffness or the local stiffness (Christoforou and Yigit 1998).  This shows that 

for head impacts onto an aluminum plate, which had all vibration energy loss factors of <0.14, are 

controlled by the local stiffness of the head.    The equation for  ̅ is Equation 6-9.  The equation for ζ 

is Equation 6-8.  λ is ratio of the quasi-static stiffness (κ) to the impact stiffness ( ̃) and it is irrelevant 

for the range of ζ that the human and ATDs fall in.   

 

The idea that the local stiffness governs head impacts has been previously 

hypothesized by Gurdjian who observed that the head responded with four times higher 

stiffnesses during impact as it did in quasi-static compression (Gurdjian 1975b).  Since 

the response is governed the by contact stiffness, contact mechanics such as Hertz contact 

theory which has been validated from dynamic impacts, can be used to analyze the 

impact (Hertz 1896; Wagstaff 1924; Andrews 1931; Goldsmith 2002a).  This will be 

investigated further in Chapter 7.    
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6.5.5 Fracture Properties 

None of the neonatal heads along with none of the heads 9-years-old and older, 

including all adults -- fractured due to the 15cm or 30cm drops.  However, three of the 

four heads between 5-months-old and 22 months-old (toddlers) sustained fractures during 

these lower-level drops.  This result suggests that there is a period in the first few years of 

life in which the skull is susceptible to fracture at drop heights of less than 30cm, a 

finding that has not been previously reported.  This age-dependent injury trend is the 

likely result of normal skull development. In neonates, the skull is more compliant 

because the sutures have not yet begun to fuse (Cohen 2000). Consequently, neonate 

skulls are able to deform without fracture when dropped from low heights, making them 

less susceptible to fracture than slightly older children.  However, the deformation 

experienced by these neonatal skulls during impact may result in soft tissue injuries of the 

sort that cannot be examined with a cadaver model.  

On the other hand, the heads in the age range from 5 to 22-months-old do not 

share these same properties.  The suture begins to fuse at this time so that the connections 

between the bone plates are rigid; however, this connection at the sutures is newly 

formed and may not be as strong as the rigid, surrounding bone.  Davis et al. showed that 

for the fused suture of the six-year-old,  the suture’s modulus was only approximately 

10% to 25% of the value of the surrounding bone while still having the same ultimate 

strain level -- making the sutures the weakest location in the cranial cap (Davis et al. in 

review).   For the skull of the 5-month-old to 22-month-old, the sutures may be just as 
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weak when compared to the surrounding bone explaining why fracture occurred in the 

newly fused sutures for 2 of the 4 toddler heads.    

These types of pediatric diastatic fractures have not been frequently documented 

in the literature.  This author could only find case reports about diastatic fractures (Bilo et 

al. 2010).  Hence, diastatic sutures may be underreported because a diastiatic suture 

appears on X-ray as non-fused suture on the CT scans or X-rays.  This was quantitatively 

shown by Mulroy et al. as they observed that X-ray only detected 42% of diastatic 

fractures (Mulroy et al. in print).  In addition, Davis et al. showed that fused sutures may 

fracture and lose all ability to resist a moment, however two bones will remain attached 

(Davis et al. in review).  When the injury is imaged, it may appear to be fused even 

though fracture has occurred.   

The fracture of the 5-month-old head occurred as a linear fracture on the right 

parietal bone.  The fracture terminated at the coronal suture and in the middle of the right 

parietal bone.  This correlates with reports that the parietal  is the most frequently 

fractured location in the child’s skull (Bilo et al. 2010).  Using cadaveric drops, Weber 

argued that the parietal bones were the most susceptible to fracture (Weber 1987).    

There are two reasons for the high incidence of fracture in the parietal bone.  The first is 

that the parietal bone has the largest surface area and is simply the most likely bone to be 

struck during an impact.  Second, the parietal bone is the thinnest region of bone in the 

adult skull and anecdotally, the parietal bones can be shown to be the thinnest region in 

the pediatric skull (Table 6-22).  Pictures of the 9-month-old and 11-month-old skull 
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demonstrate that the parietal bone, particularly the ossification centers, can be considered 

the thinnest region in the skull (Figure 6-74 and Figure 6-75).  This shows that the 

fracture for the 5-month-old had endpoints in the two weakest regions of the head.    

 
Figure 6-74:  The 9-month-old (P14M) skull.  The difference in transparency shows the differences in 

skull thickness.  This shows that the parietal bone, particularly the ossification center at the center of 

the parietal bone, is the thinnest region of the skull.   

 

 
Figure 6-75:  The 11-month-old (P15F) skull.  The difference in transparency shows the differences 

in skull thickness.  This shows that the parietal bone, particularly the ossification center at the center 

of the parietal bone, is the thinnest region of the skull.    
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The fracture results for the toddler are surprising because they suggest that at this 

age, fracture can occur at low drop heights such as those experienced from a fall from a 

bed, chair or couch.  This directly conflicts with the hypothesis put forth by Lancon et al. 

that the fractures of the skull can only occur with “significant trauma” (Lancon et al. 

1998) for children of this age, but is in agreement with Weber that the pediatric skull is 

susceptible to facture at low heights (Weber 1987).   

The failure drops showed that the vast majority of drops from 2-meters resulted in 

fracture.  All of the heads in this study dropped from 2-meters experienced fractures.  

Only the 1.67-meter occipital drop did not cause fracture.  Linear fractures, whether 

complex or comminuted, were the most common injury for both failure drops and “non-

destructive” drops.  This is because the least amount of energy is required to produce 

linear fractures (Lissner and Evans 1958).  Orbital fractures were also common, as they 

appear after five of the seven failure drops.  This confirms what has been reported in the 

past as the orbits are particularly vulnerable to fractures from blows to the forehead 

(Lissner and Evans 1958; DiMaio and DiMaio 2001).   Also, orbit fractures appeared in 

anterior-posterior compression test and blunt impacts to the forehead in a previous study 

(Thomas et al. 1968).  The orbits have very thin bones which allow them to have 

fractures that connect to the impact location through the frontal bone.     

The major difference between the pediatric and adult heads during the failure 

drops was that only the pediatric head experienced diastatic fractures.  This directly 

relates to the differences in suture strength between the adult and pediatric head, which 



 

 

245 

was explained earlier.  Also, no depressed fractures were observed in the pediatric head 

impacts.  No depressed fractures were reported with Weber’s data either (Weber 1984a; 

Weber 1985).  From this, it can be assumed that is unlikely that a depressed fracture 

would result from a head impact onto a flat surface whether soft or rigid.   

Finally, the 9-year-old and 16-year-old sustained the least catastrophic injuries 

during the failure impacts.  The 9-year-old exhibited a small indentation at the impact 

site, one linear fracture and one orbital fracture.  The 16-year-old received two linear 

fractures in the frontal bone and an orbital fracture in one eye.   The linear fractures of the 

16-year-old were not visible by either X-ray or high resolution CT scan (Mulroy et al. in 

print) (Figure 6-76).  On the contrary, the 53-years-old and older adult head, as well as 

the younger pediatric heads sustained linear fractures with large displacements, 

comminuted fractures, and even one depressed fracture.  From the current dataset, it is 

unclear how properties of the head change between the ages of 17-years-old and 55-

years-old.  However, this study provides evidence that the human body may peak in 

resistance to injury in the teenage years or early twenties.  This phenomenon has been 

observed in studies of the rib and studies of the cervical spine; however there have not 

been many teenager or twenty-year-old cadaveric specimens with which to test this 

hypothesis (Luck et al. 2008; Kent et al. 2009).   
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Figure 6-76:  High-resolution CT scan for the 16-year-old with two linear fractures in the forehead.  

The fractures were 5cm and 6cm long, but were very thin and could not be identified in any image 

modality (Mulroy et al. in print). 

 

Lastly, the one outlier in the failure drops is the adult 1.67-meter occipital drop 

that did result in a fracture.  Two obvious potential reasons for head non-fracture were 

that the impact was onto a different anatomical location than the forehead and that the 

drop height was lower and hence the energy put into the impact was lower.  Additionally, 

the lambda -- the junction of the posterior portion of the parietal and the apex -- is the 

more exact impact location of the occipital impact and is the second largest thickness 

region of the skull (Table 6-22).  The large thickness could have contributed to the non-

fracture, but it remains uncertain as the analysis is of only one impact.    



 

 

247 

6.5.6 Laceration Properties 

For lacerations caused during the impact into a flat rigid plate, both age and force 

were found to be the most predictive indicators as to whether or not a laceration occurred.  

Age was particularly predictive because none of the pediatric heads (ages 16-years-old 

and younger) sustained a laceration for any of the drops.  For the adult heads (ages 57-

years-old and older), three out of the four adult heads sustained lacerations drops during 

the failure impacts.  This difference is directly related to changes in the mechanical 

properties of the skin between pediatric and adult heads.  Individuals in their mid-

twenties and younger have skin properties that have been shown to have more elastin and 

collagen than older people (Agache et al. 1980; Silver et al. 2002).  This causes the young 

adults’ skin to be more elastic, more flexible and to a have higher modulus of elasticity 

(Batisse et al. 2002).  As people age, the skin becomes less flexible and weaker.  It is 

conceivable that the high mechanical properties found for the young adult skin also apply 

to pediatric ages, although pediatric skin has not been mechanically tested.  The lack of 

laceration for the pediatric heads provides evidence that the pediatric skin may be just as 

durable as or more durable than young adult skin.  It has been hypothesized in the 

literature that older skin is more susceptible to laceration, but this is the first study to 

confirm it with measurable data (Kieser et al. 2008).    

Furthermore, only force levels above 12000N caused lacerations.  The lone 

exception was the 16-year-old head, which did not have a laceration despite an impact 

force of 13423N.  The highest force that did not cause a laceration for the adults was 
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8744N.  This provides the first steps towards a mechanically-based laceration threshold.  

However, the data should be used with caution as in real-life scenarios the head would 

not be impacting an object with no shearing translation nor would the head be impacting 

a flat smooth surface.  The forces in real-life falls would probably be less because head 

would be impacting a non-smooth surface.  Additionally, force should be not be used as 

direct measure as to whether a laceration will or will not occur, as failure of a biological 

material is a function of stress as opposed to just force.   

6.5.7 Head Injury Thresholds 

For this dataset, the 6-year-old and older HIC standard of 700 seemed adequate as 

an injury threshold as no fractures occurred below HIC values of 700.   Likewise, the 

same could be said for the HIC fracture standard of 1000.  The fracture injury risk curved 

predicted that fracture would occur 5 times out of the 75 low-level drops and that fracture 

would occur 4 times out of the 6 failure drops.  In actuality, fracture did not occur in any 

of the 75 low-level drops while it occurred five times in the failure drops.  The caveat 

with this analysis is that the injury risk curve was developed using and for forehead 

impacts, while the current analysis used impacts onto multiple locations.  When the 

injury risk curve is analyzed using only the forehead impacts, the curve was within 7% of 

the actual fracture rate, but was off by 29% for the failure impacts (Table 6-25).   

  



 

 

249 

Table 6-25:  Forehead fracture rates and probabilities for the 9-year-old and older specimens. 

  
Number 
of Drops 

Average Fracture 
Rate 

Average Predicted Fracture Rate 
from Injury Criteria 

Forehead “non-
destructive” drops 16 0% 7% 

Forehead failure drops 5 100% 71% 

 

6.5.8 Pediatric Injury Thresholds 

For the newborn head, the only injury standard that this author could find in the 

literature was the estimated 50% fracture threshold of 280N for occipital head impacts 

(Coats 2007b; Coats 2007c).  The current study included 12 impacts (n=6 specimen) to 

the occiput, from both 15cm and 30cm that produced average impact forces of 187N and 

292N without any fractures.  Also, one head experienced 335N during impact without 

experiencing any fractures.  Therefore, the 280N fracture threshold should be considered 

a very conservative estimate of the fracture tolerance for impacts to the newborn occiput.   
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Figure 6-77:  Comparison of the newborn occipital impact fracture tolerance (which was presented 

by Coats) to the actual occipital impact data (Coats 2007b; Coats 2007c).  The force threshold of 

280N should be considered very conservative as the newborn heads were able to withstand an 

average of 335N without any fractures.    

For the 5-month-old, the 6-month-old criteria estimated by Van Ee, Melvin and 

Klinich were used (Melvin 1995; Klinich et al. 2002; Van-Ee et al. 2009a).  Each 

acceleration criterion overestimated the acceleration at fracture as the 5-month-old 

fractured at 37g (Figure 6-78).   Melvin’s 50% fracture probability threshold was the 

closest to this value at 50g.   The caveat in the Van Ee threshold was it was developed 

using and for occipital impacts only.  When the 5-month-old did undergo a 30cm 

occipital impact with 81g, it did not sustain an injury.  This shows that the Van Ee 

threshold could be valid for occipital impacts.   
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Figure 6-78:  Comparison of the 6-month-old peak acceleration fracture tolerance level with the 

actual peak acceleration at fracture for the 5-month-old.  Black denotes data while blue denotes 

fracture tolerance level.   

  

Likewise, the 6-month-old HIC 50% fracture thresholds were far above the level 

of fracture for the 5-month-old.  All of the current criteria were at least 8 times higher 

than the HIC fracture value for the 5-month-old of 27.  A closer look at the HIC for the 5-

month-old indicates that a fracture event may actually reduce the measured HIC value.  

Compared to the other 5-month-old impacts that did not cause fracture, the 15cm right 

parietal impact in which fracture occurred produced the lowest HIC value (Figure 6-80).  

This phenomenon was also observed in the adult data as the failure drop that did not 

produce injury produced the highest HIC value of the failure impacts (Table 6-17).  

Either way, the current HIC six-month-old 50% fracture thresholds are too high.  Again a 

caveat in using the Van Ee threshold was it was that developed using and for occipital 

impacts. 
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Figure 6-79:  Comparison of the 6-month-old HIC 50% probability fracture tolerance to the HIC at 

fracture for the 5-month-old.  The 5-month-old fractured on the 15cm right parietal impact.  Black 

represents actual data while blue represents fracture tolerance thresholds.  

 

 
Figure 6-80:  The 5-month-old impact HICs for different impact locations.  The head fractured in the 

15cm right-parietal impact.  The 15cm right parietal impact had the lowest HIC value of all of the 

impacts due to the energy dissipated during the fracture.  The black denotes a fracture drop and blue 

denotes that no fracture occurred in the drop.   
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The 11-month-old fracture HIC values were compared to the 12-month-old injury 

threshold estimated by Kleinburger and the 50% probability of  fracture threshold 

estimated by Eppinger  (Kleinberger et al. 1998; Eppinger et al. 1999).  The 11-month-

old sustained a linear diastatic fracture at a HIC of 156 and the failure drop produced a 

HIC of 606.  The fracture threshold proposed by Klienburger of 660 is too high as it is 

higher than the failure impact HIC value.  The Eppinger HIC fracture threshold of 390 is 

also too high as it is 2.5 times more than the diastatic fracture level (Figure 6-81).    

 
Figure 6-81:  HIC levels for the fracture of the 11-month-old and the 12-month-old 50% fracture 

levels proposed by Kleinburger and Eppinger (Kleinberger et al. 1998; Eppinger et al. 1999) 

  

At present, the HIC values of 27 to 156, reported for the toddler-aged “non-

destructive” drops which fractured, have never been considered injurious.  It is unknown 

if a child between 5 and 22-months-old would sustain brain injury from the acceleration 

and HIC values reported here.  It is currently unclear if skull fracture at this age is 
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connected to brain injuries such as concussions, an idea postulated for adult heads 

(Hodgson and Thomas 1971b).   It may be possible that fracture can occur without 

serious loss of consciousness or any type of brain trauma; however, experiments are 

needed have to confirm this.   

6.5.9 Evaluation of the ATDs 

The drops for the ATDs showed a very high level of repeatability.  All of the 

ATDs averaged less than 6% variation in peak acceleration in repeated drops onto the 

same impact location and the same drop height (Figure 6-51, Figure 6-57 and Figure 6-

60).  Additionally, the ATD HIC and peak acceleration properties increased with the 

designed-age of the ATD.  The only ATD that was contrary to this pattern was the 3-

year-old Q3.  The Q3 produced HIC and peak average resultant acceleration values that 

were higher than the Hybrid III adult (Table 6-8 and Table 6-9).    

For the 6-month CRABI, the head appeared too stiff laterally when compared to 

the 5-month-old human head, as it dramatically over predicted the HIC and impact 

stiffness values for the side impacts (Figure 6-48 to Figure 6-50).  This has been observed 

previously (Prange et al. 2004).    The forehead impact acceleration and HIC were similar 

the for the 15cm drops, but did not match for the 30cm drops.  Drops onto the vertex of 

the 6-month-old CRABI produced acceleration values that were too high; however they 

produced HIC values that were not statistically different from the 5-month-old.  The 6-

month CRABI simulated the 5-month-old occipital impacts accurately for acceleration, 

HIC and dynamic stiffness.   
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It is recommended that the 6-month CRABI not be used for to model lateral 

impacts as impact response would not be representative of a 6-month-old in a lateral 

impact.  The mid-sagittal locations should still be used for impact scenarios; however, the 

corrective multipliers listed below should be applied to the forehead and vertex impacts 

to make them closer to the human response (Table 6-26).    The vertex HIC values and 

occipital impact values for the 6-month CRABI do not need correction.  The occipital 

impact properties for the 6-month-old CRABI should be considered accurate.  This gives 

credence to the occipital impact analysis done by Van Ee (Van-Ee et al. 2009a).  The 

acceleration and HIC tolerance curves developed using that analysis and Weber’s 

reported fractures could be accurate if the 6-month CRABI still matches the human 

occipital response for drop impacts above 30cm (Weber 1984a; Weber 1985).   

Table 6-26:  6-month CRABI corrective multiplier values that can be used to scale 6-month CRABI 

response to match the human response.   

Impact location Drop height Acceleration corrector HIC corrector 

Forehead 30cm 0.67 0.5 

Vertex 15cm 1.35 - 

Vertex 30cm 1.35 - 

 

The 12-month CRABI was too stiff in the lateral and vertex impacts (Figure 6-51 

to Figure 6-53).  It was too compliant in occipital impacts and the results were mixed in 

the forehead impacts.   The forehead impacts statistically matched those of the 11-month-

old for the 15cm HIC and the 30cm acceleration.  It is recommended that the corrective 

values reported in Table 6-27 be used in conjunction with the responses of the 12-month 

CRABI when modeling head impacts.   
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Table 6-27:  12-month CRABI corrector multiplier values that can be used to scale the 12-month 

CRABI response to match the human response.   

Impact location Drop Height Acceleration HIC 

Forehead 15cm 1.33 - 

Forehead 30cm - 0.59 

Occiput 15cm 1.87 2.0 

Occiput 30cm 1.87 2.0 

Vertex 15cm 0.77 0.46 

Vertex  30cm 0.77 0.57 

Lateral 15cm 0.81 0.72 

Lateral 30cm 0.81 0.72 

 

The 3-year-old Q3 and 3-year-old Hybrid III were harder to evaluate because of 

the relatively large developmental differences between a 22-month-old and a 3-year-old.  

In addition, only three drops were conducted on the 22-month-old.  However, the 3-year-

old Q3 head had higher peak average acceleration and HIC values than any other human 

or ATD head.  It is obvious, then, that the current 3-year-old Q3 head is too stiff to 

accurately represent a 3-year-old head or any other human head age group (Figure 6-54 to 

Figure 6-56).  Even though the 3-year-old Q3 was designed to model multiple impacts 

locations, its response to drops onto other impact locations also demonstrated that the Q3 

was too stiff.  A review of the requirements for the 3-year-old Q3 dummy showed that 

the 3-year-old Q3 tested in this study responded as it was designed (de-Jager et al. 2005).  

For example, the forehead drop requirement for the 3-year-old Q3 dummy was that the 

resultant acceleration be 121g for a 13cm drop and during the study the head produced an 

average acceleration of 122g for 15cm impacts.   
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Also a review of the Q-dummies showed that the head impact peak resultant head 

acceleration design requirements were too high for all of ATDs ranging in represented 

age from newborn to 6-year-old (Q0, Q1, Q1.5, Q3 and Q6).  The requirement Q-dummy 

accelerations ranged from 108g to 139g for a 13cm forehead impact.  For comparison, the 

largest resultant acceleration seen in this study was for the adult heads and they produced 

peak resultant accelerations of 114g for forehead impacts from 15cm, 2cm more than the 

Q-dummy requirements (Table 6-28 and Table 6-29).  Likewise, the newborn 13cm 

forehead acceleration requirement is 124g, while the measured 15cm forehead 

acceleration for the neonates was only 39g.  It is recommended that the head impact 

requirements for the Q-series dummies be revaluated and that the design of the Q-series 

dummies be corrected accordingly.   

Table 6-28:  The Q-dummy 13cm forehead peak resultant acceleration requirements (de-Jager et al. 

2005).  All of the requirements are too high for the represented ages.  For comparison, the average 

adult forehead resultant 30cm head acceleration in this study was 114g.  

Q-dummy Forehead 13cm peak resultant acceleration requirement (g) 

Newborn Q0 124 

12-month-old Q1 108 

18-month-old Q1.5 111 

3-year-old Q3 121 

6-year-old Q6 139 

 

Table 6-29:  Average 15cm forehead peak resultant accelerations for different age groups.  This is to 

compare to Q-dummy 13cm forehead requirements (Table 6-28) which are too high for the entire 

series of dummies.   

Age group Average 15cm forehead peak resultant acceleration (g) 

Neonates 39 

Toddlers 63 

Youth 97 

Adult 114 
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For the 10-year-old Hybrid III, the responses to the drops onto the vertex and 

occiput were too stiff when compared to that of the 9-year-old (Figure 6-57 to Figure 6-

59).  The forehead response was statistically the same as that of the 9-year-old for HIC 

measurements of both drop heights and 15cm acceleration measurements.  Only the 30cm 

forehead acceleration was not statistically the same as the 9-year-old.  It is recommended 

that the corrective values in Table 6-30 be used in conjunction with the output response.   

Table 6-30:  10-year-old Hybrid III corrective multiplier values that can be used to scale current 10-

year-old HIII responses to match the human response.   

Impact location Drop height Acceleration HIC 

Forehead 15cm - - 

Forehead 30cm 0.76 - 

Occiput 15cm 0.57 0.62 

Occiput 30cm 0.57 0.54 

Vertex 15cm 0.80 0.83 

Vertex 30cm 0.57 0.54 

Lateral 15cm 0.74 0.77 

Lateral 30cm 0.66 0.75 

 

The adult Hybrid III matched the human heads most accurately.  In general the 

adult Hybrid III would produce accurate HIC and acceleration values for the majority of 

head impacts as not statistical differences were found between the adult head and Hybrid 

III head (generalized linear model p<0.05)(Figure 6-60 to Figure 6-62).   The largest 

difference in acceleration was 21% and the largest difference in HIC was 27%.  The 

Hybrid III correctly mimicked the human forehead in all aspects including the dynamic 

stiffness.  This validates the Hybrid III head for forehead impact at drop heights below 
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the current 37.6cm head drop design specification (Hubbard and McLeod 1973b).  

Corrective scaling values are only recommended for three head drops (Table 6-31).   

Table 6-31:   Adult Hybrid III corrective values that can be used to scale current adult Hybrid HIII 

responses to match the human response.   

Impact location Drop height Acceleration HIC 

Occiput 15cm 0.87 0.79 

Occiput 30cm 0.87 0.79 

Vertex 15cm 1.22 1.31 

6.5.10 Limitations 

There are limitations to this study.  The first limitation is the small number of 

available pediatric heads.  Ideally, more age increments between newborn and 18-years-

old would be represented in the study, and more heads in each age group would be tested.  

The current data set has no data between 23-months-old and 8-years-old, and the current 

dataset is vulnerable to outliers in age groups.  The addition of more heads in each age 

group, as well as the inclusion of more ages, would strengthen the analysis of the 

biofidelity of each ATD head.  However, the problem is due to the rarity of obtaining 

pediatric PMHSs for example, the collection of PMHSs in this study took more than 15 

years to assemble.  The second limitation was that the heads were dropped with no 

mandible attached.  This prevented any investigation into the head impact being coupled 

with the jaw. This would change the kinematics of the head during impact as the head’s 

CG would change.   It is unclear what the effects of removed mandible have on the peak 

acceleration and pulse duration.  If the head is modeled after a spring and mass during 

impact then the removal of the mandible would not affect the pulse duration.  

Additionally, the current data with the mandible removed agreed well with the Hodgson 
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head drops where the mandible was attached (Hodgson and Thomas 1971b) (Table 6-21).  

The third limitation is the boundary conditions at the forman magnum.  The head was 

sealed at the forman mangnum with ridged PMMA, which provided a different boundary 

condition than a spinal cord and cerebrospinal fluid would. The fourth limitation was that 

the acceleration metric was the resultant acceleration as opposed to the acceleration at the 

CG.  However, it has been shown that for head impact drops, the accelerations are 

dependent on the accelerometer locations on the head.  Yoganandon et al. placed 

accelerometers on anterior, posterior and temporal regions of the same head and saw 

differing accelerations for each location (Yoganandan et al. 2004).  Fifth, the kinematics 

of lateral impacts are different from the kinematics of midsagittal plane impacts.  Ideally, 

more instrumentation should be used to capture the rotation during the impact and this 

was not done for this study (Yoganandan et al. 2004; Zhang et al. 2009b).  Sixth, this 

analysis was conducted in by examining one-dimensional motion.  The other two 

directions were not analyzed; however, measurements of the shear loading of the drops 

were consistently less than 3% of the peak force measured in the z-direction.  Seventh, 

for the comparison against the ATD heads, the ages of the pediatric heads did not exactly 

match the representative ages of the ATDs.  This made direct comparisons impossible, 

but general comparisons could still be made.  Due to the rarity of pediatric PMHSs, this 

limitation was largely unavoidable.  Seventh, the average age of the adult heads used was 

61 years-old.  The adult heads in this study are representative of elderly adults with no 

representations of adults between the ages of 20 years and 50 years.  Lastly, the head 
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impacts in this study are repeated impacts onto the same locations.  All of the 30cm head 

impacts were performed after the head was impacted at 15cm.  Also, the failure impacts 

onto the forehead were the third impacts onto the forehead.  This will not be seen 

clinically as an individual usually will sustain only one impact.  Ideally, only one head 

would be used for each drop, but the author thought it was more salient to collect 

additional data given the value and rarity of the pediatric heads.   

6.6 Conclusions 

This study provides the first collection of head impact data for pediatrics heads 

ranging in age from neonate to 16-years-old.  It provides data for five head impact 

locations at two different drop heights.  Failure properties were also obtained from failure 

drops of the heads.   In addition, impact properties for a set of adult and ATD heads were 

collected to directly compare to the pediatric head properties.  The human heads were 

tested to find the effects of drop height, impact location and age upon the impact 

properties.  Finally, the head were used to evaluate pre-existing injury risk curves and 

thresholds.   

This study demonstrated that age, drop height and drop location are all important 

factors in the response of the human head.  Age was the most dominant factor, as the 

stiffness of the head increased with age.  This caused the head to respond with higher 

dynamic stiffness, acceleration and HIC values.  Also, as the age increases the coefficient 

of restitution of the head decreases, causing the older heads to rebound less and the 

younger heads to rebound more.  The heads also responded more stiffly with increased 
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drop height.  The impact location was important because it defined the kinematics of the 

impact, which in turn affected the impact properties.   

For both the ATD and human heads, this study showed that the impact response 

was governed by local contact stiffness.  The study also showed that the human heads 

behaved like visco-fluid structures during impact, while the ATD heads behaved like 

visoelastic structures during impact.  Both heads demonstrated non-linearity in their 

stiffness response.  This provides instructions on how to model both the pediatric and 

adult heads.   

The study of the ATDs demonstrated that the 3-year-old Q3 had the poorest 

predictive value and was too stiff.  Also, it was shown that the design specifications for 

all of the Q-series dummies have much too high peak resultant acceleration values.  The 

6-month CRABI was found to be unreliable for stimulating lateral impacts.  The adult 

Hybrid III was found to be the most biofidelic as it was not statistically different from the 

the adult head data for measuring acceleration, HIC and impact stiffness.   The Hybrid III 

forehead response statistically matched all of the forehead metrics for the adult head, 

indicating that it should be considered validated for all forehead impacts fewer than 

37.6cm.    Overall, the entire collection of impact data and the evaluation of the ATDs 

can be used to valid and hone FEMs and as target data for the future iterations of child 

ATDs.   

This study provides valuable failure data for the pediatric head which has never 

been previously reported.  This study indicates that for falls onto a rigid surface from 
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30cm, fractures rarely occur for neonatal or adult heads.   This study also shows that for 

falls from this height fracture can occur for children between the ages of 5 months and 22 

months, and that these fractures will appear as linear or diastatic fractures.  Moreover, it 

was demonstrated that the current injury risk curve and HIC fracture thresholds for heads 

9-years-old and older are adequate; however, the HIC standards for heads 5-months-old 

to 22-months-old would not indicate that a fracture occurred and thus are inadequate.  

Last, it was shown that skin lacerations were more likely to occur for older adult heads as 

opposed to pediatric heads.   

6.7 Appendix 

6.7.1 “Non-distructive”Force-time plots 
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Figure 6-82:  Resultant acceleration-time pulses for P05F (1-day-old).  The drop mass was 0.6011kg. 
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Figure 6-83:  Resultant acceleration-time pulses for P06F (1-day-old).  The drop mass was 0.6467kg. 
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Figure 6-84:  Resultant acceleration-time pulses for P07M (33-week-gestation).  The drop mass was 

0.417kg. 
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Figure 6-85:  Resultant acceleration-time pulses for P08M (37.5-week-gestation).  The drop mass was 

0.675kg. 
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Figure 6-86:  Resultant acceleration-time pulses for P13F (34-week-gestation).  The drop mass was 

0.448kg. 
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Figure 6-87:  Resultant acceleration-time pulses for P14M (9-month-old).  The drop mass was 1.76kg.   
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Figure 6-88:  Resultant acceleration-time pulses for P18M (9-year-old).  The drop mass was 2.17kg. 
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Figure 6-89:  Resultant acceleration-time pulses for P21F (21-year-old).  The drop mass was 3.07kg. 
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Figure 6-90:  Resultant acceleration-time pulses for A01M (61-year-old).  The drop mass was 3.16kg. 
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Figure 6-91:  Resultant acceleration-time pulses for A02M (53-year-old).  The drop mass was 3.27kg. 



 

 

274 

 

Figure 6-92:  Resultant acceleration-time pulses for A04M (59-year-old).  The drop mass was 3.21kg. 
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Figure 6-93:  Resultant acceleration-time pulses for A05M (58-year-old).   The drop mass was 3.08kg.   
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Figure 6-94:  Resultant acceleration-time pulses for A06M (67-year-old).   The drop mass was 3.41kg.   
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Figure 6-95:  Resultant acceleration-time pulses for A07M (67-year-old). The drop mass was 3.45kg.   
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Figure 6-96:  Resultant acceleration-time pulses for Adult Hybrid III (D01D). The drop mass was 

4.32kg.  Only set 3 is shown.   
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Figure 6-97:  The resultant acceleration-time pulse for the 12-month-old CRABI (D02D).  The drop 

mass was 2.655kg.  Only set 3 of the 12-month CRABI drops is shown.   
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Figure 6-98:  Resultant acceleration-time pulses for the 3-year-old Hybrid III (D03D).  The drop 

mass was 2.497kg.  Only set 2 of the 3-year-old Hybrid III drops is shown.   
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Figure 6-99:  Resultant acceleration-time pulses for the 6-year-old Hybrid III (D04D).  The drop 

mass was 3.3kg.  Only the results for the set 3 are shown.   
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Figure 6-100:  Resultant acceleration-time pulses for the 10-year-old Hybrid III (D05D).  The drop 

mass was 3.74kg.  Only results for set 3 are shown.   
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Figure 6-101:  Resultant acceleration-time pulse for the 3-year-old Q3 (D06D).  The drop mass was 

2.81kg.  Only the results for set 1 are shown.   
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Figure 6-102:  Resultant acceleration-time pulse for the 6-month CRABI (D07D).  The drop mass 

was 2.0953kg.   
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6.7.2 Low Impact Fracture pictures 

 
Figure 6-103:  Simple linear fracture with displacement in the right parietal bone of the 5-month-old 

(P12M).  The fracture was caused by the 15cm right parietal drop.  The fracture extended from the 

middle of the ossification center of the right parietal bone to the right coronal suture.  The anterior of 

the head is to the right and the posterior is to the left (Table 6-7).   
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Figure 6-104:  Diastatic linear fracture in the right coronal sutures of an 11-month-old (P15F).  The 

fracture was caused by the 30cm right parietal drop.  The fracture had no displacement.  The 

anterior of the head is to the right and the posterior is to the left (Table 6-7).   
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Figure 6-105:  Diastatic linear fracture of left coronal suture of the 22-month-old.  This fracture 

occurred during the 15cm vertex head impact.  The CT scan showed that the fracture expanded the 

length of the coronal suture.  The fracture also had no displacement.  The anterior of the head is to 

the left and the posterior of the head is to the right (Table 6-7).   
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6.7.3 Failure Drop Plots 

 
Figure 6-106:  Failure force-time plot for the 5-month-old (P12M) 2.0 meter head impact.  The drop 

mass was 0.96kg.  The HIC was 949.  The time window used for the HIC calculations are denoted by 

*.   

 

 
Figure 6-107:  Failure force-time plot for the 9-month-old (P14M) 2.0 meter forehead impact.  The 

drop mass was 1.73kg.  The HIC value was 745.  The time interval for the HIC calculation is denoted 

by * and the HIC window was 5.07ms.   
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Figure 6-108:  Failure force-time plot for the 11-month-old (P15F) 2.0 meter forehead impact.  The 

drop mass was 1.4kg.  The HIC was 606.  The time interval for the HIC calculation is denoted by * 

and the HIC window was 6.06ms.   

 

 
Figure 6-109:  Failure force-time plot for the 16-year-old (P21F) 2.0 meter forehead impact.  The 

drop mass was 3.04kg.  The HIC was 2365.  The time interval for the HIC calculation is denoted by * 

and the HIC window was 1.19ms.   
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Figure 6-110:  Failure force-time plot for a 59-year-old adult (A04M).  The drop was from 1.67 

meters onto the occiput.   The drop mass 3.26kg.  The HIC value was 2230.  The time interval for 

the HIC calculation is denoted by * and the HIC window was 1.48ms.   

 

 
Figure 6-111:  Failure force-time plot for a 58-year-old adult (A05M) 2.0 meters onto the forehead.  

The drop mass was 2.93kg.  The HIC value was 2097. The time interval for the HIC calculation is 

denoted by * and the HIC window was 1.4ms.   
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Figure 6-112:  Failure force-time plot for a 67-year-old adult (A07M) 2.0 meters forehead impact.  

The drop mass was 3.58kg.  The HIC value was 1437.  The time interval for the HIC calculation is 

denoted by * and was 0.88ms.   

 

 

Figure 6-113:  Failure force-time plot for a 57-year-old adult (A08M) 2.0 meter forehead impact. The 

drop mass was 3.45kg.  The HIC value was 1269.  The time interval for the HIC calculation is 

denoted by * and HIC window was 4.24ms.   
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6.7.4 Failure Drop Injuries 

 
Figure 6-114:  Fractures for P12M (5-month-old).  There was a large linear fracture with separation 

and a long linear fracture with displacement in the right parietal.  The right coronal suture was 

disconnected, classifying it as a linear diastatic fracture with separation.   The force-time pulse is 

shown in Figure 6-106. 

 

 
Figure 6-115:  Two hairline linear fractures on the left frontal bone of P12M (5-month-old).    The 

force-time pulse is shown in Figure 6-106.   
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Figure 6-116:  Fractures that occurred during the 2-meter failure drop for P14M (9-month-old).  The 

9-month-old sustained five diastatic fractures; two were linear with separation and three were linear 

with displacement.  The metopic suture and the right frontozygomatic sutures sustained linear 

fractures with separation.  The left frontozygomatic suture and the right sphenfrontalis suture had 

linear fractures.  The metopic linear fracture extended into the nasion and the nasion had a 

comminuted fracture (bottom picture).  The left frontal bone had a linear fracture that was 

approximately 17mm long (top right).  The 9-month-old also sustained fractures inside both orbits 

that are not shown.  The force-time pulse is shown in Figure 6-107.   
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Figure 6-117:  Fractures that occurred during the 2-meter failure drop for the P14M (9-month-old).  

The 9-month-old sustained five diastatic fractures; two were linear with separation and three were 

linear with displacement.  The metopic suture and the right frontozygomatic suture (bottom) 

sustained comminuted fractures.  The left frontozygomatic suture (top right) and the right 

sphenofrontal suture (bottom) contained linear fractures with separation.  The right frontal linear 

fracture was approximately 37mm long. The force-time pulse is shown in Figure 6-107.   
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Figure 6-118:  Fracture of P15F (11-month-old) caused by a 2-meter failure drop.  The 11-monh-old 

sustained a right coronal diastatic linear fracture with separation (left) and a right frontal bone 

linear fracture with separation (right).  Also, the right frontal bone became disconnected from the 

fontanelle.   It should be noted that the right coronal suture sustained a diastatic linear fracture 

during the 30cm right parietal impact.  The force-time pulse is shown in Figure 6-108.   
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Figure 6-119:  Fractures of the 9-year-old (P18M) that were caused by the 2-meter failure drop.  The 

9-year-old sustained a linear fracture with displacement in the lower right portion of the frontal 

bone.  The linear fracture was approximately 43mm long and extended into the right orbit.  The 9-

year-old also sustained a small indention, about 3mm wide, on the frontal bone. The indentation was 

near the impact location.  The force-time plot is shown in Figure 6-37.   
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Figure 6-120:  Fractures of the 16-year-old (P21F) caused by a 2-meter failure drop.  The head 

sustained no lacerations during the drop, but did sustain three fractures.  Two of the fractures were 

hairline linear fractures with no displacement in the frontal bone.  The largest fracture extended 

from the middle of the forehead through the midline of the forehead and extended into the nasion 

suture.  This fracture measured approximately 6.5cm long.  The second linear fracture had an 

endpoint above the right orbit and continued into the orbital causing a right orbital fracture.  The 

distance from the fracture end point to the orbit was approximately 4.8cm long.  The force-time 

pulse for P21F is shown in Figure 6-109.   
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Figure 6-121:  Stellate laceration of the occiput of A04M (58-year-old) that occurred during a 1.67 

meter impact onto the occiput.  No fractures occurred during the impact.  The force-time pulse for 

A04M is shown in Figure 6-110.   

 

 
Figure 6-122:  Laceration of the forehead of A05M, a 58-years-old male, which occurred during the 

2.0 meter impact onto the forehead.  The scale is in the image is in millimeters.  The laceration 

occurred at the impact location.  The force-time pulse for A05M is shown in Figure 6-111.   
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Figure 6-123:  Fractures of the A05M, a 58-years-old male, which caused during the 2.0 meter 

forehead.  The impact caused a complex multiple linear fracture in the forehead (left).  The complex 

fracture had a major fracture that extended from the impact location into the left orbit.  The 

complex fracture also had three branches that extended from the major fracture.   Also there was a 

fracture in the right orbit that is not shown.  The force-time pulse for A05M is shown in Figure 6-

111.   

 

 
Figure 6-124:  Laceration of the forehead of A07M (67-year-old male) caused by a 2.0 meter forehead 

impact.  The laceration was at the impact site and was 10mm long and 2mm wide. The laceration was 

directly above the smaller depressed fracture.  The force-time pulse for A07M is shown in Figure 6-

112.   



 

 

300 

 
Figure 6-125:  Fractures of A07M (67-year-old) caused by a 2.0 meter drop onto the forehead.  The 

skull experienced a large frontal bone depressed fracture that created a semi-circle around the 

impact location.  From the depressed fracture, two linear fractures with separation prorpagated 

toward the right parietal and the left orbit (left).  Inside the large depressed fracture, there was a 

small depressed fracture where the frontal outer table was crushed into the trabecular bone (right).  

Connected to the small depression fracture was a linear fracture with separation that extended about 

30º from the vertical into the right orbit.  The force-time pulse for A07M is shown in Figure 6-112.   

 
Figure 6-126:  Fractures of the A07M (67-year-old) caused by a 2.0 meter drop onto the forehead.  A 

frontal linear fracture extended superiorly and was connected to the major depression fracture.   

Both orbits sustained fractures that were connected to the linear fractures with separation that lead 

into the orbits.  The force-time pulse for A07M is shown in Figure 6-112.   
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Figure 6-127:  Fractures of A08M (57-year-old) caused by a 2.0 meter drop unto the forehead.  The 

forehead sustained a complex linear fracture that extended into the nasion and into the sphenoid 

bone.  The complex fracture formed triangle-shaped fracture and the fracture had no displacement 

in some locations yet did have displacement in other locations.  The force-time pulse for A08M is 

shown in Figure 6-113.   
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Figure 6-128:  Fractures for the A08M caused by the 2.0 meter failure drop unto the forehead. The 

complex linear fracture of the forehead extended through the sphenoid bone and into the parietal 

bone.  This fracture crossed the sphenofrontal suture and the squamosal suture.  It exhibited 

displacement in the temporal bone yet no displacement in the parietal bone. The fracture also caused 

a comminuted fracture in the sphenoid bone that in turn caused a bone fragment to fall inside the 

skull.  A close up of the nasion linear fracture is also shown (bottom left).  A08M sustained no orbital 

fractures.  The force-time pulse for A08M is shown in Figure 6-113.   
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6.7.5 Local/Global Contact Stiffness Calculations 

Table 6-32:  Values used in the calculation of the vibration energy loss factor (ζ) and the normalized 

maximum force ( ̃).  The stiffnesses were calculated using the quasi-static compression test fits and 

the impact stiffness fits.   

Specimen 
Compression 

Direction 
Head 

mass (kg) 

Dynamic 
Stiffness 
(N/mm) 

Quasi-Static 
Stiffness 
(N/mm) ζ  ̃ 

Adult (A07M) Lateral 3.45 3860 90 0.143 0.151 

1-day-old* 
Anterior-
Posterior 0.6011 19 10 0.004 0.595 

11-month-old* 
Anterior-
Posterior 1.45 772 138 0.041 0.389 

9-year-old Lateral 2.17 796 181 0.051 0.430 

Adult Hybrid III 
Anterior-
Posterior 4.32 584 313 0.062 0.590 

6-month CRABI* Lateral 2.0953 3917 361 0.112 0.290 
*Denotes that the large compression stiffness (2.5% to 5% of head dimension) was used.   
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6.7.6 Head Impact Data Tables 

Table 6-33:  Pediatric head impact pulse durations, peak accelerations and HIC.  Also, the mass, age 

and measure drop height are reported.   The specimens in this table are P03M, P05F and P06M.   

Specimen 
Age 

(months) 
Mass 
(Kg) Drop Location 

Measured 
Drop 

Height 
(cm) 

Pulse 
Duration 

(ms) 

Data Peak 
Acceleration 

(g) 
Data 
HIC 

P03M 0.1 0.4153 

Vertex 15.9 13.7 64.5 64 

Occiput 16.2 12.9 46.0 48 

Forehead 15.2 12.9 49.5 55 

Right Parietal 15.9 12.8 48.0 49 

Left Parietal 15.9 13.0 41.0 39 

Vertex 30.8 11.7 112.4 204 

Occiput 30.5 12.8 72.1 109 

Forehead 30.5 12.0 82.1 178 

Right Parietal 29.8 12.9 77.6 137 

Left Parietal 30.5 12.3 61.9 112 

P05F 0.03 0.6011 

Vertex 14.6 26.0 37.3 29 

Occiput 14.0 22.5 35.4 24 

Forehead 15.2 22.6 26.1 17 

Right Parietal 15.6 25.0 32.2 24 

Left Parietal 15.9 19.1 37.2 27 

Vertex 30.5 22.1 57.1 71 

Occiput 29.2 18.8 55.9 71 

Forehead 31.1 22.1 38.0 38 

Right Parietal 29.2 18.5 55.2 70 

Left Parietal 29.8 17.4 52.6 71 

P06M 0.36 0.6467 

Vertex 14.6 23.9 41.3 28 

Occiput 15.2 23.5 32.7 25 

Forehead 14.6 23.4 26.3 20 

Right Parietal 15.2 20.1 33.4 22 

Left Parietal 14.1 20.8 32.1 22 

Vertex 30.5 20.1 74.6 96 

Occiput 30.5 20.6 52.9 75 

Forehead 29.2 20.7 43.1 47 

Right Parietal 30.3 17.0 48.0 59 

Left Parietal 29.7 18.0 46.1 64 
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Table 6-34:  P07M, P08M and P12M head impact pulse durations, peak accelerations and HIC.  

Also, the mass, age and measure drop height are reported.      

Specimen 
Age 

(months) 
Mass 
(Kg) Drop Location 

Measured 
Drop 

Height 
(cm) 

Pulse 
Duration 

(ms) 

Data Peak 
Acceleration 

(g) 
Data 
HIC 

P07M -1.575 0.417 

Vertex 15.0 17.2 43.9 36 

Occiput 15.0 14.8 42.6 29 

Forehead 15.0 11.7 52.7 55 

Right Parietal 15.0 14.5 41.8 34 

Left Parietal 15.0 18.9 38.0 28 

Vertex 30.0 14.6 83.0 136 

Occiput 30.0 14.7 52.7 66 

Forehead 30.0 10.6 86.6 172 

Right Parietal 30.0 12.4 73.5 113 

Left Parietal 30.0 12.4 78.9 115 

P08M -0.5625 0.675 

Vertex 15.2 22.4 36.4 26 

Occiput 15.0 23.5 25.6 16 

Forehead 15.3 23.5 28.9 18 

Right Parietal 15.1 23.5 28.5 17 

Left Parietal 14.8 22.7 24.2 14 

Vertex 29.9 22.1 50.7 57 

Occiput 30.4 21.9 43.3 43 

Forehead 30.2 21.1 43.0 51 

Right Parietal 30.2 17.5 48.2 43 

Left Parietal 30.3 19.9 54.6 68 

P12M 5 1.071 

Vertex 15.4 14.2 44.9 42 

Occiput 14.7 14.4 43.7 42 

Forehead 15.3 13.3 44.5 42 

Right Parietal 14.7 13.7 37.3 27 

Left Parietal 14.8 9.2 38.8 34 

Vertex 30.2 13.3 71.6 118 

Occiput 29.7 12.3 81.0 132 

Forehead 30.2 13.9 57.6 82 

Right Parietal 29.8 11.0 78.5 124 

Left Parietal 29.9 12.8 66.2 94 
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Table 6-35:  P13F, P14M and P15F head impact pulse durations, peak accelerations and HIC.  Also, 

the mass, age and measure drop height are reported.    

Specimen 
Age 

(months) 
Mass 
(Kg) Drop Location 

Measured 
Drop 

Height 
(cm) 

Pulse 
Duration 

(ms) 

Data Peak 
Acceleration 

(g) 
Data 
HIC 

P13F -1.35 0.448 

Vertex 15.5 13.9 57.4 61 

Occiput 14.7 12.5 40.3 38 

Forehead 15.0 10.6 48.2 48 

Right Parietal 15.3 12.8 38.6 35 

Left Parietal 15.1 10.7 49.1 42 

Vertex 30.1 16.4 77.6 120 

Occiput 29.9 11.4 67.4 114 

Forehead 30.0 10.9 62.7 103 

Right Parietal 30.0 13.1 46.9 66 

Left Parietal 30.4 15.7 46.9 58 

P14M 9 1.76 

Vertex 15.2 17.1 35.4 28 

Occiput 15.0 17.2 37.6 31 

Forehead 15.0 15.4 38.0 36 

Right Parietal 15.0 14.9 31.2 21 

Left Parietal 14.6 15.2 35.2 27 

Vertex 30.3 12.4 76.9 118 

Occiput 30.3 14.2 71.6 115 

Forehead 30.0 13.9 60.7 97 

Right Parietal 30.4 14.3 52.3 67 

Left Parietal 30.0 13.4 53.9 75 

P15F 11 

1.45 

Vertex 14.6 13.6 39.6 33 

Occiput 14.6 8.6 69.4 83 

Forehead 15.1 6.9 82.1 94 

Right Parietal 14.9 11.2 49.4 56 

Left Parietal 14.9 9.0 63.4 76 

1.46 Vertex 29.8 12.7 67.6 116 

1.45 
Occiput 30.0 8.0 104.8 210 

Forehead 29.7 8.0 109.9 155 

1.46 Right Parietal 29.6 7.9 82.2 156 

1.46 Left Parietal 30.0 9.5 74.3 145 
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Table 6-36:  P17F, P18M and P21F head impact pulse durations, peak accelerations and HIC.  Also, 

the mass, age and measure drop height are reported.   

Specimen 
Age 

(months) 
Mass 
(Kg) Drop Location 

Measured 
Drop 

Height 
(cm) 

Pulse 
Duration 

(ms) 

Data Peak 
Acceleration 

(g) 
Data 
HIC 

P17F 22 2.05 

Occiput 14.7 14.2 37.6 38 

Forehead 14.9 8.2 85.6 100 

Vertex 15.3 13.6 47.2 44 

P18M 108 2.17 

Vertex 15.2 4.7 105.4 164 

Occiput 14.8 5.3 95.8 133 

Forehead 15.1 4.8 102.6 148 

Right Parietal 15.3 4.3 100.2 123 

Left Parietal 14.8 5.7 83.3 88 

Vertex 29.9 5.0 130.8 321 

Occiput 30.2 4.6 150.8 376 

Forehead 30.2 4.2 146.3 416 

Right Parietal 30.2 3.8 142.5 312 

Left Parietal 30.0 5.6 123.3 241 

P21F 192 3.07 

Vertex 15.3 4.4 124.6 151 

Occiput 14.4 4.4 129.0 169 

Forehead 14.9 5.6 90.8 110 

Right Parietal 14.8 5.9 86.4 84 

Left Parietal 14.9 5.8 109.4 129 

Vertex 29.6 5.7 173.5 349 

Occiput 30.0 6.4 208.7 500 

Forehead 30.1 5.7 120.6 212 

Right Parietal 30.4 6.7 110.9 196 

Left Parietal 30.1 5.6 139.2 273 
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Table 6-37:  P03M, P05F and P06M head impact surface measurements, impact angles, impact 

stiffnesses and coefficients for the non-linear fit (Equation 6-3) for each drop. 

Specimen 
Drop 

Location 

Measured 
Drop Height 

(cm) 

Impact 
Surface 

Area 
(cm

2
) 

Impact 
Angle 

(degrees) 

Impact 
Stiffness 
(N/mm) 

Vertical 
Energy 

Loss (%) A (N) B (1/mm) 

P03M 

Vertex 15.9 
 

 49 59.1% 7.4 3.97E-01 

Occiput 16.2 
 

 30 56.5% 1638.8 1.56E-02 

Forehead 15.2 
 

 44 62.6% 183.9 1.29E-01 

Right 
Parietal 15.9 

 
 34 66.8% 282464.4 1.10E-04 

Left Parietal 15.9 
 

 24 74.8% 370991.9 7.83E-05 

Vertex 30.8 
 

 83 62.7% 9.9 3.81E-01 

Occiput 30.5 
 

 35 66.4% 433.6 5.39E-02 

Forehead 30.5 
 

 37 62.3% 443945.5 1.18E-04 

Right 
Parietal 29.8 

 
 56 70.0% 99.8 1.68E-01 

Left Parietal 30.5 
 

 21 70.8% 370529.4 8.39E-05 

P05F 

Vertex 14.6 
 

 33 76.6% 15.1 2.32E-01 

Occiput 14.0 
 

 30 73.0% 21.7 2.15E-01 

Forehead 15.2 
 

 18 95.3% 91.3 1.16E-01 

Right 
Parietal 15.6 

 
 14 89.8% 20313.6 1.18E-03 

Left Parietal 15.9 
 

 28 87.3% 122.3 1.10E-01 

Vertex 30.5 
 

 42 86.7% 25.8 1.95E-01 

Occiput 29.2 
 

 39 82.0% 91.3 1.26E-01 

Forehead 31.1 
 

 21 99.0% 255.9 6.07E-02 

Right 
Parietal 29.2 

 
 33 91.0% 525.9 4.86E-02 

Left Parietal 29.8 
 

 35 89.3% 195335.8 1.89E-04 

P06M 

Vertex 14.6 
 

 31 73.9% 9.7 2.49E-01 

Occiput 15.2 
 

 26 70.8% 47.7 1.41E-01 

Forehead 14.6 
 

 12 77.0% 2310.5 6.34E-03 

Right 
Parietal 15.2 

 
 24 84.9% 79.1 1.08E-01 

Left Parietal 14.1 
 

 25 80.8% 213.0 6.73E-02 

Vertex 30.5 
 

 50 76.9% 17.7 2.26E-01 

Occiput 30.5 
 

 39 73.6% 69.8 1.27E-01 

Forehead 29.2 
 

 15 85.3% 4844.2 3.31E-03 

Right 
Parietal 30.3 

 
 26 82.5% 216717.8 1.08E-04 

Left Parietal 29.7 
 

 21 84.0% 1233.6 1.72E-02 
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Table 6-38:  P07M, P08F and P12M head impact surface measurements, impact angles, impact 

stiffnesses and coefficients for the non-linear fit (Equation 6-3) for each drop.  The references for the 

impact angles are shown in Figure 6-129. 

Specimen 
Drop 

Location 

Measured 
Drop 

Height (cm) 

Impact 
Surface 

Area 
(cm2) 

Impact 
Angle 

(degrees) 

Impact 
Stiffness 
(N/mm) 

Vertical 
Energy 

Loss 
(%) A (N) 

B 
(1/mm) 

P07M 

Vertex 15.0 
 

 28 81.9% 9.8 2.71E-01 

Occiput 15.0 
 

 27 89.0% 38.6 1.86E-01 

Forehead 15.0 
 

 51 85.2% 30.4 2.86E-01 

Right Parietal 15.0 
 

 28 89.3% 440.1 4.78E-02 

Left Parietal 15.0 
 

 17 89.9% 269345.3 1.03E-04 

Vertex 30.0 
 

 54 79.7% 16.2 2.71E-01 

Occiput 30.0 
 

 21 88.4% 400380.3 6.43E-05 

Forehead 30.0 
 

 80 83.1% 28.8 3.36E-01 

Right Parietal 30.0 
 

 43 89.4% 501.6 6.01E-02 

Left Parietal 30.0 
 

 51 88.5% 217.1 1.13E-01 

P08M 

Vertex 15.2 
 

 33 83.3% 14.7 2.30E-01 

Occiput 15.0 
 

 17 81.0% 114.4 7.10E-02 

Forehead 15.3 
 

 21 86.3% 106.7 9.39E-02 

Right Parietal 15.1 
 

 25 92.8% 273364.0 8.16E-05 

Left Parietal 14.8 
 

 12 92.8% 294546.9 5.95E-05 

Vertex 29.9 
 

 30 89.7% 114.0 8.97E-02 

Occiput 30.4 
 

 24 85.4% 197.8 5.55E-02 

Forehead 30.2 
 

 16 92.5% 388945.2 8.66E-05 

Right Parietal 30.2 
 

 137 93.4% 25.4 6.34E-01 

Left Parietal 30.3 
 

 45 91.9% 104.3 1.29E-01 

P12M 

Vertex 15.4 
 

-177 93 77.6% 60.6 2.65E-01 

Occiput 14.7 
 

103 91 71.7% 122.5 2.07E-01 

Forehead 15.3 
 

-120 83 82.5% 342.4 1.27E-01 

Right Parietal 14.7 
 

 109 93.6% 774.1 1.04E-01 

Left Parietal 14.8 
 

 1 95.9% 632916.9 1.68E-04 

Vertex 30.2 
 

-175 125 79.6% 191.1 1.67E-01 

Occiput 29.7 
 

108 159 80.7% 137.7 2.27E-01 

Forehead 30.2 
 

-123 61 87.6% 1852.4 3.31E-02 

Right Parietal 29.8 
 

 150 86.2% 139.3 2.20E-01 

Left Parietal 29.9 
 

 84 85.5% 1081.1 5.79E-02 
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Table 6-39:  P13F, P14M and P15F head impact surface measurements, impact angles, impact 

stiffnesses and coefficients for the non-linear fit (Equation 6-3) for each drop.  The references for the 

impact angles are shown in Figure 6-129. 

Specimen 
Drop 

Location 

Measured 
Drop 

Height 
(cm) 

Impact 
Surface 

Area 
(cm2) 

Impact 
Angle 

(degrees) 

Impact 
Stiffness 
(N/mm) 

Vertical 
Energy 

Loss 
(%) A (N) 

B 
(1/mm) 

P13F 

Vertex 15.5 18.2 -171 56 68.6% 16.5 3.43E-01 

Occiput 14.7 9.2 117 35 79.0% 29.9 2.34E-01 

Forehead 15.0 6.0 -113 40 83.0% 213.0 1.19E-01 

Right Parietal 15.3 
 

-44 23 82.3% 300832.3 8.24E-05 

Left Parietal 15.1 
 

-116 47 87.8% 89.7 2.02E-01 

Vertex 30.1 22.2 -175 56 77.9% 39.2 2.17E-01 

Occiput 29.9 8.6 87 39 82.4% 761.1 4.59E-02 

Forehead 30.0 8.4 -112 32 85.0% 1889.9 1.80E-02 

Right Parietal 30.0 
 

-64 4 90.8% 633063.9 5.58E-05 

Left Parietal 30.4 
 

-119 12 96.2% 628792.3 5.49E-05 

P14M 

Vertex 15.2 29.8 -179 98 77.9% 137.2 1.73E-01 

Occiput 15.0 19.2 100 104 78.2% 156.8 1.77E-01 

Forehead 15.0 19.3 -106 75 74.5% 576.9 8.71E-02 

Right Parietal 15.0 
 

-79 72 91.7% 1948.3 2.64E-02 

Left Parietal 14.6 
 

-127 82 81.9% 1570.4 3.66E-02 

Vertex 30.3 34.4 -168 180 79.4% 591.0 1.27E-01 

Occiput 30.3 25.9 107 204 78.4% 133.4 2.29E-01 

Forehead 30.0 17.5 -111 106 77.3% 2201.6 3.79E-02 

Right Parietal 30.4 
 

-68 372 96.1% 162.2 5.12E-01 

Left Parietal 30.0 
 

-111 84 84.2% 545522.9 1.58E-04 

P15F 

Vertex 14.6 17.8  54 83.7% 2603.7 2.49E-02 

Occiput 14.6 18.2 103 316 81.1% 299.4 3.36E-01 

Forehead 15.1 7.6 -106 475 89.8% 335.1 4.85E-01 

Right Parietal 14.9 
 

-58 150 68.3% 444.9 1.54E-01 

Left Parietal 14.9 
 

-116 235 81.5% 7876.0 3.22E-02 

Vertex 29.8 29.5 -179 130 68.3% 515.4 1.08E-01 

Occiput 30.0 21.4 96 358 86.7% 557.6 2.42E-01 

Forehead 29.7 8.6 -130 414 96.6% 1287.1 2.19E-01 

Right Parietal 29.6 
 

-57 500 89.6% 309.4 4.94E-01 

Left Parietal 30.0 
 

-111 142 78.7% 630730.7 3.12E-04 
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Table 6-40:  P17F, P18M and P21F head impact surface measurements, impact angles, impact 

stiffnesses and coefficients for the non-linear fit (Equation 6-3) for each drop.  The references for the 

impact angles are shown in Figure 6-129. 

Specimen 
Drop 

Location 

Measured 
Drop 

Height 
(cm) 

Impact 
Surface 

Area 
(cm2) 

Impact 
Angle 

(degrees) 

Impact 
Stiffness 
(N/mm) 

Vertical 
Energy 

Loss 
(%) A (N) 

B 
(1/mm) 

P17F 

Occiput 14.7 15.5 180 257 73.4% 247.1 2.76E-01 

Forehead 14.9 12.2 -100 84 62.3% 472569.7 2.08E-04 

Vertex 15.3 19.7 99 936 90.8% 98.7 8.32E-01 

P18M 

Vertex 15.2 
 

178 984 82.6% 931.0 4.28E-01 

Occiput 14.8 15.7 93 908 87.3% 130.7 6.87E-01 

Forehead 15.1 5.5 -117 1077 86.1% 913.7 5.03E-01 

Right Parietal 15.3 
 

-64 1004 98.3% 661.3 5.32E-01 

Left Parietal 14.8 
 

-126 763 97.5% 149.5 6.33E-01 

Vertex 29.9 13.1 178 732 84.1% 2304.4 1.94E-01 

Occiput 30.2 16.9 103 1115 88.4% 459.8 4.55E-01 

Forehead 30.2 6.1 -118 906 83.5% 2299.3 2.48E-01 

Right Parietal 30.2 
 

-68 893 97.8% 1732.4 2.85E-01 

Left Parietal 30.0 
 

-127 772 96.2% 721.1 3.49E-01 

P21F 

Vertex 15.3 
 

174 2296 98.7% 143.1 1.04E+00 

Occiput 14.4 
 

100 2276 94.6% 62.9 1.15E+00 

Forehead 14.9 
 

-119 1301 94.9% 59.0 8.41E-01 

Right Parietal 14.8 
 

-59 1290 99.7% 84.5 8.43E-01 

Left Parietal 14.9 
 

-138 1747 98.5% 91.8 9.36E-01 

Vertex 29.6 
 

175 2569 99.6% 284.7 7.59E-01 

Occiput 30.0 
 

109 3105 96.0% 152.1 9.03E-01 

Forehead 30.1 
 

-132 1034 99.3% 612.0 3.90E-01 

Right Parietal 30.4 
 

-60 1072 99.7% 482.3 4.02E-01 

Left Parietal 30.1 
 

-121 1820 99.7% 231.2 6.53E-01 
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Table 6-41:  A01M, A02M and A04M head impact pulse durations, peak accelerations and HIC. 

Specimen 
Age 

(months) Mass (kg) Impact Location 

Measured 
Drop height 

(cm) 
Pulse 

Duration (ms) 

Peak 
acceleration 

(g) HIC 

A01M 732 3.16 

Vertex 15.0 3.9 145.3 227 

Occiput 15.5 4.5 124.5 190 

Forehead 14.7 4.0 140.0 221 

Left Parietal 14.8 5.1 110.9 130 

Vertex 30.0 3.3 237.6 716 

Occiput 29.8 4.5 180.1 463 

Forehead 30.0 3.7 202.9 581 

Right Parietal 29.6 4.1 178.8 434 

Left Parietal 30.5 4.9 153.0 333 

A02M 636 3.27 

Vertex 15.5 3.2 143.6 255 

Occiput 15.5 4.6 109.0 161 

Forehead 14.7 3.8 117.8 185 

Right Parietal 15.3 4.0 117.2 149 

Left Parietal 14.8 4.1 95.2 102 

Vertex 30.0 3.7 204.9 579 

Occiput 29.8 3.6 186.4 533 

Forehead 30.0 3.7 172.0 505 

Right Parietal 29.6 4.0 152.7 321 

Left Parietal 30.5 4.9 134.9 192 

A04M 708 3.21 

Vertex 14.8 3.8 148.0 222 

Occiput 15.4 4.6 127.0 170 

Forehead 14.7 5.8 89.3 87 

Right Parietal 15.3 5.1 100.0 112 

Left Parietal 15.4 4.4 105.0 104 

Vertex 29.6 3.6 208.0 494 

Occiput 29.6 4.4 183.0 423 

Forehead 30.3 5.9 141.0 267 

Right Parietal 30.3 5.7 138.0 232 

Left Parietal 29.7 5.8 110.0 192 
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Table 6-42:  A05M, A06M and A07M head impact pulse durations, peak accelerations and HIC. 

Specimen 
Age 

(months) Mass (kg) Impact Location 

Measured 
Drop height 

(cm) 
Pulse 

Duration (ms) 

Peak 
acceleration 

(g) HIC 

A05M 696 3.08 

Vertex 15.3 3.9 132.6 182 

Forehead 14.9 4.0 95.6 108 

Right Parietal 14.8 3.6 92.7 74 

Left Parietal 15.3 4.0 93.8 95 

Vertex 30.0 3.7 185.5 400 

Forehead 30.3 3.8 171.5 368 

Right Parietal 30.3 4.0 151.4 223 

Left Parietal 29.7 4.1 143.4 253 

A06M 804 3.41 

Vertex 14.9 3.6 134.0 185 

Forehead 14.8 4.1 114.0 156 

Right Parietal 14.6 4.4 102.3 113 

Left Parietal 15.1 4.4 116.7 149 

Vertex 30.0 3.5 199.0 465 

Forehead 29.9 4.0 171.8 402 

Right Parietal 30.2 5.1 147.4 306 

Left Parietal 29.6 4.7 202.6 369 

A07M 804 3.45 

Vertex 14.9 3.4 155.4 237 

Occiput 15.0 4.4 128.8 166 

Forehead 15.2 3.6 126.8 166 

Right Parietal 14.8 3.4 131.6 153 

Left Parietal 15.3 7.1 70.0 68 

Vertex 29.9 3.2 242.4 615 

Occiput 30.2 3.5 226.8 607 

Forehead 29.6 3.3 219.6 543 

Right Parietal 29.9 5.6 150.4 260 

Left Parietal 30.0 4.3 186.4 371 
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Table 6-43:  A01M, A02M and A04M head impact surface measurements, impact angles, impact 

stiffnesses and coefficients for the non-linear fit (Equation 6-3) for each drop. 

Specimen 
Impact 

Location 

Measured 
Drop 

height 
(cm) 

Surface 
Area 
(cm2) 

Impact 
Angle 

(degrees) 

Impact 
Stiffness 
(N/mm) 

Vertical 
Energy 

Change (%) A (N) 
B 

(1/mm) 

A01M 

Vertex 15.0 
 

-167 2788 91.2% 180.7 1.06 

Occiput 15.5 13.9  2056 89.4% 231.9 0.84 

Forehead 14.7 18.3 -139 2862 89.1% 186.1 1.10 

Left Parietal 14.8 10.2 -116 1986 97.6% 284.6 0.85 

Vertex 30.0 20.8 -170 3865 89.0% 468.3 0.82 

Occiput 29.8 14.6  2197 89.0% 171.8 0.69 

Forehead 30.0 18.6  3125 91.7% 200.1 0.83 

Right 
Parietal 29.6 16.3  2462 93.5% 357.5 0.68 

Left Parietal 30.5 15.3 -125 1946 97.3% 399.3 0.58 

A02M 

Vertex 15.5 12.9 -170 3038 89.7% 993.6 0.80 

Occiput 15.5 12.5 105 1700 90.5% 208.3 0.76 

Forehead 14.7 16.8 -118 1879 89.6% 1742.2 0.50 

Right 
Parietal 15.3 13.3 -65 2384 98.0% 547.9 0.84 

Left Parietal 14.8 11.0 -113 1833 99.8% 553.7 0.75 

Vertex 30.0 17.1 -172 3166 93.0% 1323.4 0.60 

Occiput 29.8 17.7 136 2543 86.8% 888.7 0.56 

Forehead 30.0 19.9 -111 3509 85.2% 456.3 0.93 

Right 
Parietal 29.6 17.2 -70 1940 97.9% 1219.3 0.46 

Left Parietal 30.5 14.9 -114 2298 99.7% 617.5 0.71 

A04M 

Vertex 14.8 25.8 8 3106 95.2% 174.8 1.14 

Occiput 15.4 16.9 129 2252 96.6% 93.9 1.03 

Forehead 14.7 16.7 -135 1551 99.2% 266.7 0.80 

Right 
Parietal 15.3 20.8 -52 1623 99.4% 433.0 0.68 

Left Parietal 15.4 
 

-129 2239 100.0% 220.6 1.02 

Vertex 29.6 24.8 -171 3252 97.5% 336.8 0.80 

Occiput 29.6 21.2  2781 98.0% 200.9 0.80 

Forehead 30.3 34.0  1519 98.4% 182.8 0.56 

Right 
Parietal 30.3 24.6 -68 1828 100.0% 444.6 0.58 

Left Parietal 29.7 35.5 -129 824 99.6% 1357.2 0.26 
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Table 6-44:  A05M, A06M and A07M head impact surface measurements, impact angles, impact 

stiffnesses and coefficients for the non-linear fit (Equation 6-3) for each drop.  The references for the 

impact angles are shown in Figure 6-129. 

Specimen 
Impact 

Location 

Measured 
Drop 

height 
(cm) 

Surface 
Area 
(cm2) 

Impact 
Angle 

(degrees) 

Impact 
Stiffness 
(N/mm) 

Vertical 
Energy 
Change 

(%) A (N) 
B 

(1/mm) 

A05M 

Vertex 15.3 
 

-177 2580 97.0% 188.6 1.05 

Forehead 14.9 18.7 -134 1517 99.9% 512.1 0.66 

Right Parietal 14.8 9.2 -67 1550 100.0% 735.6 0.65 

Left Parietal 15.3 
 

 1523 100.0% 702.1 0.63 

Vertex 30.0 21.8 -177 3058 99.0% 274.8 0.86 

Forehead 30.3 19.7 -134 2521 99.7% 310.3 0.74 

Right Parietal 30.3 16.1  2154 100.0% 835.5 0.60 

Left Parietal 29.7 16.7  1453 100.0% 698.0 0.47 

A06M 

Vertex 14.9 
 

166 2903 97.3% 220.5 1.05 

Forehead 14.8 
 

-130 2160 95.7% 476.3 0.77 

Right Parietal 14.6 
 

-60 1926 99.4% 541.0 0.73 

Left Parietal 15.1 
 

-111 2212 97.3% 183.8 0.92 

Vertex 30.0 
 

-171 3769 98.1% 481.8 0.85 

Forehead 29.9 
 

-136 2679 97.1% 625.7 0.64 

Right Parietal 30.2 
 

-59 1973 97.3% 304.2 0.60 

Left Parietal 29.6 
 

-128 3526 96.1% 258.1 0.89 

A07M 

Vertex 14.9 8.9 -166 3974 96.1% 634.3 1.04 

Occiput 15.0 14.5 93 2758 97.4% 242.7 1.01 

Forehead 15.2 8.6 -120 2539 99.2% 1193.6 0.67 

Right Parietal 14.8 10.1 -57 3268 100.0% 621.5 0.98 

Left Parietal 15.3 23.9 -116 982 98.9% 255.7 0.55 

Vertex 29.9 11.1 -165 5085 98.3% 958.1 0.86 

Occiput 30.2 18.2 114 4316 95.5% 299.2 0.93 

Forehead 29.6 11.9  4157 98.9% 835.0 0.78 

Right Parietal 29.9 28.0 -59 2099 98.9% 505.0 0.62 

Left Parietal 30.0 16.5 -126 3440 100.0% 1058.4 0.70 
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Table 6-45:  Adult Hybrid III head pulse duration, peak resultant acceleration and HIC 

Specimen Set  
Mass 
(Kg) 

Drop 
Location 

Measured 
Drop 

Height 
(cm) 

Pulse 
Duration 

(ms) 

Peak 
Resultant 

Acceleration 
(g) HIC 

Adult Hybrid 
III  

1 4.32 Forehead 14.9 6.4 115.8 162 

Adult Hybrid 
III (D01D) 

2 4.32 

Vertex 14.6 6 126 188 

Occiput 14.7 6.6 129.7 205 

Forehead 15 7 106.4 148 

Adult Hybrid 
III (D01D) 

3 4.32 

Vertex 15.4 5.6 116.1 163 

Occiput 15 5.5 140.5 228 

Forehead 15.4 5.6 114.6 158 

Right Parietal 14.7 5.6 92.8 89 

Left Parietal 15.3 5.6 92.6 94 

Vertex 30 5 201.4 502 

Occiput 30.2 4.9 236.2 657 

Forehead 30.1 5.6 184.1 438 

Right Parietal 29.6 5.3 167.1 293 

Left Parietal 30.2 5.2 168.8 301 

Adult  
Hybrid III 

(D01D) 
4 4.32 

Vertex 14.7 6.1 110.6 147 

Forehead 15.2 6.3 111.5 152 

Right Parietal 15.4 5.7 106.7 118 

Left Parietal 14.8 5.9 99.6 103 

Vertex 30 5 210.9 551 

Occiput 29.9 5.2 229.1 621 

Forehead 30.3 5.2 197.5 486 

Right Parietal 30.3 5.2 181.6 348 

Left Parietal 30.4 5.3 167 295 

Adult Hybrid 
III (D01D) 

5 4.32 

Right Parietal 15.2 5.7 109.9 126 

Left Parietal 14.9 6.1 96.4 97 

Vertex 29.8 5 212.4 551 

Occiput 30.2 5.9 240.1 655 

Forehead 30.2 6 185.9 450 

Right Parietal 30.1 5.3 172.8 327 

Left Parietal 29.8 5.6 161.1 277 
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Table 6-46:  12-month CRABI head pulse duration, peak resultant acceleration and HIC 

Specimen Set  
Mass 
(Kg) 

Drop 
Location 

Measured 
Drop 

Height 
(cm) 

Pulse 
Duration 

(ms) 

Peak 
Resultant 

Acceleration 
(g) HIC 

12-month 
CRABI 
(D02D) 

1 2.654 

Vertex 14.9 12.4 53.6 73 

Forehead 15 12.3 63.4 93 

Right Parietal 14.7 11.6 57.2 74 

Left Parietal 15 8.7 73 95 

12-month 
CRABI 
(D02D) 

2 2.655 

Vertex 15 12.5 52.7 70 

Occiput 15.1 14.8 36.8 42 

Forehead 15.1 12.4 59.8 82 

Right Parietal 15 9.9 66.6 86 

Left Parietal 14.9 8.3 77.6 103 

Vertex 30.4 11.2 86 200 

Forehead 30.1 10.4 115.3 272 

Right Parietal 29.9 8.5 112.6 260 

Left Parietal 29.8 8 116.6 263 

12-month 
CRABI 
(D02D) 

3 2.655 

Vertex 14.9 12.8 51.7 67 

Occiput 15 18.6 36.6 41 

Forehead 15 12.2 62.6 86 

Right Parietal 15 10.3 63.7 79 

Left Parietal 14.7 10.8 65.9 87 

Vertex 30 11.4 87.3 208 

Occiput 30.3 18.5 54.7 99 

Forehead 30.3 11.6 96 233 

Right Parietal 29.7 8.9 107.4 234 

Left Parietal 30 8.4 115.6 268 

12-month 
CRABI 
(D02D) 

4 2.655 

Vertex 30.4 11.2 84.5 193 

Occiput 30.4 15.7 58.3 114 

Forehead 30.3 10.1 117.4 280 

Right Parietal 29.6 9.8 99.2 218 

Left Parietal 29.8 8.3 118.7 278 
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Table 6-47:  3-year-old Hybrid III head pulse duration, peak resultant acceleration and HIC 

Specimen Set  
Mass 
(Kg) 

Drop 
Location 

Measured 
Drop 

Height 
(cm) 

Pulse 
Duration 

(ms) 

Peak 
Resultant 

Acceleration 
(g) HIC 

3-year-old 
HIII (D03D) 

1 2.514 

Vertex 15.3 8.3 98 121 

Occiput 14.8 13.5 55.8 61 

Forehead 15.2 9.9 94.7 118 

Right Parietal 15.1 8.6 82.4 75 

Left Parietal 14.6 9.7 91.9 94 

Vertex 29.9 8 174 365 

Occiput 29.7 12.6 84.3 140 

Forehead 30.4 9.6 159.4 338 

Right Parietal 30.2 8.2 138.4 213 

Left Parietal 30 9.2 155 267 

3-year-old 
HIII (D03D) 

2 2.497 

Vertex 14.7 8.6 103.4 129 

Occiput 15.3 12.8 64.1 77 

Forehead 15.1 9.8 96.8 123 

Right Parietal 15 9 84.7 84 

Left Parietal 15 9.5 95.2 99 

Vertex 29.7 7.2 157.1 309 

Occiput 30.4 12.4 82.4 128 

Forehead 30.3 9.6 160.8 345 

Right Parietal 29.9 8.7 133.3 210 

Left Parietal 29.8 8.9 156.8 275 

3-year-old 
HIII (D03D) 

3 2.497 

Vertex 15.3 8.1 106.9 138 

Occiput 15.1 12.8 50.3 46 

Forehead 14.7 9.1 93.4 117 

Right Parietal 14.8 8.3 81.1 76 

Left Parietal 15.3 9.3 89.6 95 

Vertex 30.1 7.8 175.4 369 

Occiput 30.2 12.1 82.6 124 

Forehead 30.2 9.2 160.2 342 

Right Parietal 30.3 8 155 259 

Left Parietal 30.2 8.8 149.3 261 
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Table 6-48:  6-year-old Hybrid III head pulse duration, peak resultant acceleration and HIC 

Specimen Set  
Mass 
(Kg) 

Drop 
Location 

Measured 
Drop 

Height 
(cm) 

Pulse 
Duration 

(ms) 

Peak 
Resultant 

Acceleration 
(g) HIC 

6-year-old 
HIII (D04D) 

1 3.3 

Vertex 15 7.8 100.8 135 

Occiput 15 6.8 132.8 173 

Forehead 14.9 7.8 95.4 124 

Right Parietal 15.2 5.1 118.5 118 

Left Parietal 14.8 6.5 131.2 155 

Vertex 30 7 184 434 

Occiput 29.6 6.3 224.3 507 

Forehead 30.2 7.8 159.7 357 

Right Parietal 29.8 4.4 210.6 377 

Left Parietal 30.1 7.8 198.4 385 

6-year-old 
HIII (D04D) 

2 3.3 

Vertex 15.1 7.9 106.8 148 

Occiput 14.8 7.1 132 171 

Forehead 14.7 7.9 98.6 131 

Right Parietal 14.9 7.1 111.8 123 

Left Parietal 14.8 7.5 125.2 140 

Vertex 30.2 7.7 184.7 432 

Occiput 29.7 7 210.1 482 

Forehead 30.1 6.9 180.9 432 

Right Parietal 30.4 7.8 217.8 449 

Left Parietal 30.1 7.8 193.4 341 

6-year-old 
HIII (D04D) 

3 3.3 

Vertex 15.3 8.3 99.7 138 

Occiput 14.8 6.8 120.5 156 

Forehead 14.7 7.4 100 134 

Right Parietal 15.4 6.5 115.4 125 

Left Parietal 15.2 4.9 122.6 122 

Vertex 29.8 8.6 183.5 424 

Occiput 29.7 6.3 219.6 509 

Forehead 30.1 6.5 180 434 

Right Parietal 30.1 6.7 198.5 402 

Left Parietal 29.8 8.6 178.2 341 
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Table 6-49:  10-year-old Hybrid III head pulse duration, peak resultant acceleration and HIC 

Specimen Set  
Mass 
(Kg) Drop Location 

Measured Drop 
Height (cm) 

Pulse 
Duration (ms) 

Peak Resultant 
Acceleration (g) HIC 

10-year-
old HIII 
(D05D) 

1 3.74 

Vertex 15.4 5.9 136.6 216 

Forehead 15.3 7.7 107.3 153 

Right Parietal 14.8 4.2 141.7 171 

Left Parietal 15.4 4.5 137 159 

Vertex 29.8 5.6 226.3 580 

Right Parietal 30.2 5.1 183.5 325 

Left Parietal 29.8 4.6 197.9 369 

10-year-
old HIII 
(D05D) 

2 3.74 

Vertex 14.7 6.2 126.9 182 

Forehead 15 7.4 102.5 136 

Right Parietal 15.4 4.8 116.6 123 

Left Parietal 15.1 5 120.8 130 

Vertex 30.1 5.3 237.2 632 

Forehead 30.1 6.4 191.5 460 

Right Parietal 30.3 5 198.1 357 

Left Parietal 30.3 5 200.3 366 

10-year-
old HIII 
(D05D) 

3 3.74 

Vertex 14.7 6.6 130.4 192 

Occiput 15.1 5.4 154 221 

Forehead 14.7 7.7 102.2 134 

Right Parietal 14.7 5 119.7 128 

Left Parietal 15.3 5.8 111.9 117 

Vertex 29.9 5.6 234.9 621 

Occiput 30.3 4.2 288.3 684 

Forehead 30.2 6.5 194.5 474 

Right Parietal 30.3 5.3 195.7 354 

Left Parietal 29.6 4.2 224 430 

10-year-
old HIII 
(D05D) 

4 3.74 

Occiput 14.6 5.3 164.4 226 

Vertex 30.2 5.6 220.3 560 

Occiput 29.9 5 290.6 691 

Forehead 30.4 6.8 192.8 472 

Right Parietal 30.1 6 209.3 386 

Left Parietal 29.6 4.4 205.7 382 

10-year-
old HIII 
(D05D) 

5 3.74 
Occiput 15 4.9 153.5 196 

Occiput 30.3 4.9 275.8 716 
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Table 6-50:  3-year-old Q3 head pulse duration, peak resultant acceleration and HIC 

Specimen Set  
Mass 
(Kg) 

Drop 
Location 

Measured 
Drop 

Height 
(cm) 

Pulse 
Duration 

(ms) 

Peak 
Resultant 

Acceleration 
(g) HIC 

3-year-old 
Q3 (D06D) 

1 2.81 

Vertex 15.2 5.2 140 305 

Occiput 14.9 4.3 161.6 354 

Forehead 14.7 5.8 126.7 255 

Right Parietal 17.8 5.9 107.8 181 

Left Parietal 15.3 6.3 108 190 

Vertex 29.6 4.7 232 910 

Occiput 30.3 3.9 253.5 950 

Forehead 30 5 210.1 748 

Right Parietal 29.6 5.5 162.9 465 

Left Parietal 30 4.9 197.5 641 

3-year-old 
Q3 (D06D) 

2 2.81 

Vertex 15.2 5 142.9 314 

Occiput 14.9 3.9 167.1 370 

Forehead 14.7 5.5 128.1 254 

Right Parietal 17.8 6.3 97.9 159 

Left Parietal 15.3 6.3 104.6 178 

Vertex 29.6 4.5 232.4 920 

Occiput 30.3 3.6 258.5 1014 

Forehead 30 5 212.5 765 

Right Parietal 29.6 4.7 197.1 624 

Left Parietal 30 5.2 181.2 561 

3-year-old 
Q3 (D06D) 

3 2.81406 

Vertex 14.8 5.3 139.3 300 

Occiput 14.6 4.3 155.2 320 

Forehead 15.2 6.8 111.1 204 

Right Parietal 15 6.5 99.2 164 

Left Parietal 15.1 6.5 96.3 155 

Vertex 30.2 4.4 238.9 963 

Occiput 30.3 4.4 252.9 966 

Forehead 30.4 5.9 185.2 608 

Right Parietal 30.4 5.6 160.6 457 

Left Parietal 29.7 5.8 163.9 481 
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Table 6-51:  6-month CRABI head pulse duration, peak resultant acceleration and HIC 

Specimen Set  
Mass 
(Kg) 

Drop 
Location 

Measured 
Drop 

Height 
(cm) 

Pulse 
Duration 

(ms) 

Peak 
Resultant 

Acceleration 
(g) HIC 

6-month 
CRABI 
(D07D) 

1 2.0953 

Vertex 14 19.4 33.8 38 

Occiput 15.2 17.6 39.5 48 

Forehead 16.5 19.4 37.3 41 

Right Parietal 14.9 11 66.8 76 

Left Parietal 15.2 10.7 116 142 

Vertex 29.2 18 51.8 99 

Occiput 29.2 15.6 61.6 126 

Forehead 29.2 14 84.8 157 

Right Parietal 30.5 9.9 144.9 301 

Left Parietal 30.5 9.6 214.5 488 
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Table 6-52:  Adult Hybrid III head impact surface area, impact angle and vertical energy change for 

each drop.  Also the coefficients for the non-linear fit (Equation 6-3) for each drop are reported.  The 

references for the impact angles are shown in Figure 6-129. 

Specimen Set Drop Location 

Actual 
Drop 

Height 
(cm) 

Impact 
Surface 

Area 
(cm

2
) 

Impact 
Angles 

(degrees) A (N) B (1/mm) 

Vertical 
Energy 

Change (%) 

Adult 
Hybrid III 

(D01D) 
1 

Forehead 14.9 20.4 
 

196.4 8.22E-01 81.6% 

Adult 
Hybrid III 

(D01D) 
2 

Vertex 14.6 22.5  221.3 8.88E-01 79.7% 

Occiput 14.7 18.3  11.5 9.74E-01 67.6% 

Forehead 15 16.3 
 

230.3 7.09E-01 78.7% 

Adult 
Hybrid III 

(D01D) 
3 

Vertex 15.4 19.2  139.4 8.11E-01 84.0% 

Occiput 15 22.7  12.7 1.05E+00 72.9% 

Forehead 15.4 20.0  152.5 8.07E-01 85.3% 

Right Parietal 14.7 17.6 -75 289.0 7.62E-01 99.1% 

Left Parietal 15.3 16.2 -110 235.6 7.10E-01 98.3% 

Vertex 30 21.9  235.8 7.49E-01 88.1% 

Occiput 30.2 24.3  25.9 9.14E-01 82.9% 

Forehead 30.1 19.1  140.5 7.01E-01 87.3% 

Right Parietal 29.6 19.8 -64 332.9 7.26E-01 99.5% 

Left Parietal 30.2 19.8 -117 340.8 7.16E-01 99.6% 

Adult 
Hybrid III 

(D01D) 
4 

Vertex 14.7 17.9  273.0 7.68E-01 85.3% 

Forehead 15.2 17.2  196.3 7.67E-01 83.1% 

Right Parietal 15.4 19.2 -61 288.8 8.13E-01 97.4% 

Left Parietal 14.8 17.1 -115 318.1 7.63E-01 97.6% 

Vertex 30 23.8  438.8 7.32E-01 85.9% 

Occiput 29.9 23.8  28.1 8.99E-01 83.6% 

Forehead 30.3 20.8  264.8 7.22E-01 87.9% 

Right Parietal 30.3 23.1 -66 440.5 7.44E-01 98.8% 

Left Parietal 30.4 19.0 -111 458.3 6.74E-01 99.5% 

Adult 
Hybrid III 

(D01D) 
5 

Right Parietal 15.2 19.9  346.0 8.16E-01 96.7% 

Left Parietal 14.9 16.8 -109 293.9 7.52E-01 98.4% 

Vertex 29.8 24.4  395.4 7.53E-01 86.1% 

Occiput 30.2 20.5  30.3 9.38E-01 83.0% 

Forehead 30.2 
 

 299.2 6.62E-01 85.7% 

Right Parietal 30.1 20.3 -57 352.2 7.09E-01 98.5% 

Left Parietal 29.8 17.9 -115 445.7 6.60E-01 99.5% 
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Table 6-53:  12-month CRABI head impact surface area, impact angles and vertical energy change 

for each drop.  Also the coefficients for the non-linear fit (Equation 6-3) for each drop are reported.  

The references for the impact angles are shown in Figure 6-129. 

Specimen Set Drop Location 

Actual 
Drop 

Height 
(cm) 

Impact 
Surface 

Area 
(cm

2
) 

Impact 
Angles 

(degrees) A (N) 
B 

(1/mm) 

Vertical 
Energy 
Change 

(%) 

12-month 
CRABI (D02D) 

1 

Vertex 14.9 30.2  262.8 2.48E-01 28.5% 

Forehead 15 25.7  119.0 3.59E-01 12.2% 

Right Parietal 14.7 29.1 -55 117.7 3.25E-01 45.8% 

Left Parietal 15 30.0 -102 389.9 2.29E-01 98.5% 

12-month 
CRABI (D02D) 

2 

Vertex 15 31.0  219.2 2.55E-01 32.1% 

Occiput 15.1 31.1  305.5 1.43E-01 30.1% 

Forehead 15.1 24.6  138.7 3.27E-01 30.1% 

Right Parietal 15 31.0  195.7 3.71E-01 59.8% 

Left Parietal 14.9 28.6  307.0 4.23E-01 68.3% 

Vertex 30.4 
 

 290.3 2.19E-01 39.7% 

Forehead 30.1 31.9  169.2 3.52E-01 46.0% 

Right Parietal 29.9 37.9  246.2 3.58E-01 66.1% 

Left Parietal 29.8 36.6  385.7 3.32E-01 68.9% 

12-month 
CRABI (D02D) 

3 

Vertex 14.9 31.2  202.5 2.56E-01 36.1% 

Occiput 15 32.0  267.5 1.51E-01 29.5% 

Forehead 15 25.1  143.9 3.47E-01 32.7% 

Right Parietal 15 31.4 -130 224.1 3.40E-01 61.9% 

Left Parietal 14.7 30.3 -73 134.9 3.91E-01 49.1% 

Vertex 30 38.2  306.7 2.21E-01 33.1% 

Occiput 30.3 41.3  493.7 1.06E-01 44.9% 

Forehead 30.3 34.5  175.6 2.70E-01 29.5% 

Right Parietal 29.7 38.6  299.6 3.24E-01 67.4% 

Left Parietal 30 37.1 -119 269.5 3.42E-01 63.6% 

12-month 
CRABI (D02D) 

4 

Vertex 30.4 39.9  351.5 2.05E-01 42.4% 

Occiput 30.4 39.3  356.1 1.26E-01 36.7% 

Forehead 30.3 33.6  192.3 3.52E-01 46.9% 

Right Parietal 29.6 37.2  259.5 2.86E-01 60.1% 

Left Parietal 29.8 37.1  313.2 3.47E-01 63.0% 
 

 

 

 



 

 

325 

Table 6-54:  3-year-old Hybrid III head impact surface area, impact angles and vertical energy 

change for each drop.  Also the coefficients for the non-linear fit (Equation 6-3) for each drop are 

reported.  The references for the impact angles are shown in Figure 6-129. 

Specimen Set Drop Location 

Actual 
Drop 

Height 
(cm) 

Impact 
Surface 

Area 
(cm

2
) 

Impact 
Angle 

(degrees) A (N) B (1/mm) 

Vertical 
Energy 

Change (%) 

3-year-old 
HIII 

(D03D) 
1 

Vertex 15.3 
 

 62.9 7.53E-01 79.4% 

Occiput 14.8 
 

 103.1 3.46E-01 57.7% 

Forehead 15.2 
 

 56.6 6.91E-01 75.9% 

Right Parietal 15.1 
 

-77 209.7 6.42E-01 98.1% 

Left Parietal 14.6 
 

-70 121.0 7.48E-01 93.8% 

Vertex 29.9 
 

 142.6 6.99E-01 84.7% 

Occiput 29.7 
 

 195.9 2.91E-01 75.8% 

Forehead 30.4 
 

 118.1 6.09E-01 83.2% 

Right Parietal 30.2 
 

-75 158.7 6.34E-01 98.9% 

Left Parietal 30 
 

-103 133.7 6.80E-01 97.2% 

3-year-old 
HIII 

(D03D) 
2 

Vertex 14.7 17.6  67.0 8.05E-01 79.1% 

Occiput 15.3 34.2  84.5 4.01E-01 52.5% 

Forehead 15.1 14.7  86.0 6.82E-01 74.7% 

Right Parietal 15 17.0 -61 190.5 6.37E-01 94.6% 

Left Parietal 15 18.7 -108 90.1 7.93E-01 94.0% 

Vertex 29.7 21.0  69.5 6.93E-01 86.6% 

Occiput 30.4 37.0  259.8 2.83E-01 81.2% 

Forehead 30.3 16.5  69.7 6.33E-01 81.9% 

Right Parietal 29.9 18.5 -61 84.0 6.33E-01 97.8% 

Left Parietal 29.8 18.7 -120 67.3 7.33E-01 95.8% 

3-year-old 
HIII 

(D03D) 
3 

Vertex 15.3 18.5  93.4 7.84E-01 77.9% 

Occiput 15.1 22.8  237.6 2.98E-01 76.9% 

Forehead 14.7 14.8  87.8 6.69E-01 72.5% 

Right Parietal 14.8 16.7 -64 113.2 6.80E-01 96.0% 

Left Parietal 15.3 15.6 -118 108.9 6.92E-01 90.4% 

Vertex 30.1 20.7  144.1 7.05E-01 85.9% 

Occiput 30.2 33.5  344.3 2.72E-01 82.7% 

Forehead 30.2 16.7  114.7 6.13E-01 82.0% 

Right Parietal 30.3 23.9 -71 185.9 6.98E-01 98.2% 

Left Parietal 30.2 18.7 -119 122.7 6.47E-01 95.1% 
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Table 6-55:  6-year-old Hybrid III head impact surface area, impact angles and vertical energy 

change for each drop.  Also the coefficients for the non-linear fit (Equation 6-3) for each drop are 

reported.  The references for the impact angles are shown in Figure 6-129. 

Specimen Set Drop Location 

Actual 
Drop 

Height 
(cm) 

Impact 
Surface 

Area 
(cm

2
) 

Impact 
Angle 

(degrees) A (N) B (1/mm) 

Vertical 
Energy 

Change (%) 

6-year-
old HIII 
(D04D) 

1 

Vertex 15 28.3  101.4 6.98E-01 71.4% 

Occiput 15 17.4  98.7 1.01E+00 88.5% 

Forehead 14.9 25.8  100.2 6.51E-01 70.9% 

Right Parietal 15.2 14.9 -75 117.7 1.07E+00 99.9% 

Left Parietal 14.8 27.0 -114 23.7 1.17E+00 95.6% 

Vertex 30 30.6  138.9 6.79E-01 79.3% 

Occiput 29.6 19.8  174.3 9.30E-01 94.0% 

Forehead 30.2 27.4  110.9 5.77E-01 77.4% 

Right Parietal 29.8 17.4 -70 164.0 9.96E-01 100.0% 

Left Parietal 30.1 25.4 -113 64.3 8.86E-01 97.3% 

6-year-
old HIII 
(D04D) 

2 

Vertex 15.1 26.7  105.1 7.34E-01 69.7% 

Occiput 14.8 16.0  128.7 1.02E+00 88.5% 

Forehead 14.7 25.3  106.6 6.76E-01 69.0% 

Right Parietal 14.9 22.1 -60 56.4 9.75E-01 95.0% 

Left Parietal 14.8 25.2 -121 18.8 1.14E+00 97.1% 

Vertex 30.2 29.5  137.0 6.82E-01 80.3% 

Occiput 29.7 20.0  220.1 8.08E-01 92.2% 

Forehead 30.1 
 

 172.7 6.29E-01 77.6% 

Right Parietal 30.4 22.8 -75 71.0 9.93E-01 98.6% 

Left Parietal 30.1 15.0 -111 141.5 9.41E-01 100.0% 

6-year-
old HIII 
(D04D) 

3 

Vertex 15.3 24.0  63.5 6.82E-01 65.7% 

Occiput 14.8 16.6  138.1 8.97E-01 86.4% 

Forehead 14.7 25.6  113.6 6.86E-01 69.4% 

Right Parietal 15.4 18.3 -64 47.0 1.01E+00 96.9% 

Left Parietal 15.2 13.8 -120 73.6 1.11E+00 99.7% 

Vertex 29.8 30.2  57.8 7.10E-01 80.7% 

Occiput 29.7 17.4  237.9 8.37E-01 93.2% 

Forehead 30.1 29.1  31.6 6.79E-01 78.0% 

Right Parietal 30.1 26.4  83.4 9.08E-01 97.9% 

Left Parietal 29.8 26.5 -112 44.2 8.06E-01 96.1% 
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Table 6-56:  10-year-old Hybrid III head impact surface area, impact angle and vertical energy 

change for each drop.  Also the coefficients for the non-linear fit (Equation 6-3) for each drop are 

reported.  This is for set 1 to set 3 of 10-year-old HIII.  The references for the impact angles are 

shown in Figure 6-129. 

Specimen Set Drop Location 

Actual 
Drop 

Height 
(cm) 

Impact 
Surface 

Area 
(cm

2
) 

Impact 
Angle 

(degrees) A (N) B (1/mm) 

Vertical 
Energy 

Change (%) 

10-year-
old HIII 
(D05D) 

1 

Vertex 15.4 20.0  191.9 8.97E-01 74.7% 

Forehead 15.3 20.7  92.7 7.16E-01 67.1% 

Right Parietal 14.8 27.2 -81 203.3 1.15E+00 98.2% 

Left Parietal 15.4 20.8 -106 212.1 1.08E+00 98.8% 

Vertex 29.8 
 

 188.7 8.39E-01 85.6% 

Right Parietal 30.2 
 

-64 176.3 7.93E-01 99.8% 

Left Parietal 29.8 
 

-116 252.5 8.54E-01 99.6% 

10-year-
old HIII 
(D05D) 

2 

Vertex 14.7 25.2  137.5 8.95E-01 77.4% 

Forehead 15 20.0  94.3 7.07E-01 72.3% 

Right Parietal 15.4 21.1 -62 159.9 9.41E-01 99.2% 

Left Parietal 15.1 17.7 -109 166.0 9.81E-01 98.6% 

Vertex 30.1 27.7  99.1 8.76E-01 83.2% 

Forehead 30.1 25.0  97.7 7.04E-01 80.6% 

Right Parietal 30.3 23.6 -69 162.8 8.71E-01 99.9% 

Left Parietal 30.3 
 

-122 233.7 8.74E-01 99.9% 

10-year-
old HIII 
(D05D) 

3 

Vertex 14.7 27.4  123.1 9.25E-01 75.1% 

Occiput 15.1 18.4  14.4 1.36E+00 92.7% 

Forehead 14.7 21.8  81.8 7.27E-01 72.4% 

Right Parietal 14.7 22.0 -67 77.9 1.05E+00 98.9% 

Left Parietal 15.3 16.5 -121 150.6 9.01E-01 98.2% 

Vertex 29.9 26.1  105.7 8.76E-01 83.1% 

Occiput 30.3 18.0  56.0 1.26E+00 98.8% 

Forehead 30.2 24.7  111.6 7.08E-01 80.2% 

Right Parietal 30.3 23.2 -68 176.5 8.47E-01 99.9% 

Left Parietal 29.6 21.6 -105 262.4 9.99E-01 100.0% 
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Table 6-57:  10-year-old Hybrid III head impact surface area, impact angle and vertical energy 

change for each drop.  Also the coefficients for the non-linear fit (Equation 6-3) for each drop are 

reported.  This is for set 4 and set 5 of 10-year-old HIII.  The references for the impact angles are 

shown in Figure 6-129. 

Specimen Set Drop Location 

Actual 
Drop 

Height 
(cm) 

Impact 
Surface 

Area 
(cm

2
) 

Impact 
Angle 

(degrees) A (N) B (1/mm) 

Vertical 
Energy 
Change 

(%) 

10-year-old 
HIII (D05D) 

4 

Occiput 14.6 18.0  27.6 1.40E+00 93.1% 

Vertex 30.2 24.9  160.9 8.17E-01 86.0% 

Occiput 29.9 18.4  57.2 1.29E+00 98.5% 

Forehead 30.4 23.6  100.3 7.01E-01 79.2% 

Right Parietal 30.1 26.6 -68 111.6 9.71E-01 100.0% 

Left Parietal 29.6 20.2 -108 252.8 9.11E-01 99.9% 

10-year-old 
HIII (D05D) 

5 
Occiput 15 12.9  71.9 1.28E+00 96.0% 

Occiput 30.3 21.2  55.6 1.12E+00 94.1% 
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Table 6-58:  3-year-old Q3 head impact surface area, impact angle and vertical energy change for 

each drop.  Also the coefficients for the non-linear fit (Equation 6-3) for each drop are reported.  The 

references for the impact angles are shown in Figure 6-129. 

Specimen Set Drop Location 

Actual 
Drop 

Height 
(cm) 

Impact 
Surface 

Area 
(cm

2
) 

Impact 
Angle 

(degrees) A (N) B (1/mm) 

Vertical 
Energy 

Change (%) 

3-year-old Q3 
(D06D) 

1 

Vertex 15.2 
 

 266.5 7.77E-01 33.5% 

Occiput 14.9 
 

 491.5 8.66E-01 47.5% 

Forehead 14.7 
 

 241.1 7.23E-01 29.6% 

Right Parietal 17.8 
 

 365.3 5.07E-01 76.0% 

Left Parietal 15.3 
 

 278.1 5.84E-01 51.0% 

Vertex 29.6 
 

 418.6 6.62E-01 29.5% 

Occiput 30.3 
 

 745.1 6.90E-01 58.7% 

Forehead 30 
 

 419.9 5.96E-01 40.4% 

Right Parietal 29.6 
 

 446.2 4.63E-01 63.5% 

Left Parietal 30 
 

 422.9 5.71E-01 57.9% 

3-year-old Q3 
(D06D) 

2 

Vertex 15.2 
 

 280.4 8.02E-01 27.5% 

Occiput 14.9 
 

 529.9 8.91E-01 50.9% 

Forehead 14.7 
 

 267.5 7.19E-01 36.6% 

Right Parietal 17.8 
 

 336.5 5.09E-01 61.4% 

Left Parietal 15.3 
 

 277.7 5.74E-01 54.6% 

Vertex 29.6 
 

 303.2 6.74E-01 32.0% 

Occiput 30.3 
 

 865.6 6.73E-01 50.8% 

Forehead 30 
 

 379.8 6.03E-01 37.2% 

Right Parietal 29.6 
 

 428.0 5.69E-01 62.9% 

Left Parietal 30 
 

 401.1 5.26E-01 57.4% 

3-year-old Q3 
(D06D) 

3 

Vertex 14.8 
 

 254.4 7.94E-01 29.3% 

Occiput 14.6 
 

 429.2 8.74E-01 53.4% 

Forehead 15.2 
 

 244.0 6.08E-01 37.3% 

Right Parietal 15 
 

 316.6 5.30E-01 55.1% 

Left Parietal 15.1 
 

 334.5 5.08E-01 58.7% 

Vertex 30.2 
 

 444.4 6.65E-01 28.3% 

Occiput 30.3 
 

 769.0 6.76E-01 55.2% 

Forehead 30.4 
 

 375.8 5.28E-01 43.5% 

Right Parietal 30.4 
 

 453.5 4.44E-01 64.8% 

Left Parietal 29.7 
 

 311.7 4.87E-01 57.4% 
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Table 6-59:  The 6-month CRABI head impact surface area, impact angle and vertical energy change 

for each drop.  Also the coefficients for the non-linear fit (Equation 6-3) for each drop are reported.  

The references for the impact angles are shown in Figure 6-129. 

Specimen Set Drop Location 

Actual 
Drop 

Height 
(cm) 

Impact 
Surface 

Area 
(cm

2
) 

Impact 
Angle 

(degrees) A (N) B (1/mm) 

Vertical 
Energy 
Change 

(%) 

6-month 
CRABI 
(D07D) 

1 

Vertex 13.97 
 

 225.1 1.33E-01 0.6% 

Occiput 15.24 
 

 213.9 1.55E-01 16.8% 

Forehead 16.51 
 

 207.9 1.46E-01 29.0% 

Right Parietal 14.93 
 

 166.2 3.95E-01 70.4% 

Left Parietal 15.24 
 

 97.6 8.71E-01 88.1% 

Vertex 29.21 
 

 282.7 1.10E-01 21.2% 

Occiput 29.21 
 

 305.5 1.29E-01 23.3% 

Forehead 29.21 
 

 168.3 2.59E-01 56.7% 

Right Parietal 30.48 
 

 156.1 5.04E-01 82.7% 

Left Parietal 30.48 
 

 208.2 8.06E-01 91.3% 
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Figure 6-129:  References for all of the head impact angles.  For the midsagittal impacts the angle 

between Frankfort plane and the impact plate was used.  For the lateral impacts, the angle between 

the plane between the right and left infraorbital foramens and the impact plates was used.  For the 

human heads, the impact angles were measured using the pins inserted into the superior portion of 

the external auditory meati and the infraorbital foramens.  For the human drops, missing angle 

measurements were due to the drop not being recorded or the video did not show the pins.  For the 

ATD heads, missing angle measurements were because the drops was not recorded or there was no 

identifying features to identify the Frankfort plane or the right and left infraorbital plane.  All angles 

were measured with the camera facing the right side of the head or the face of the head.  Positive is 

counterclockwise.    
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Table 6-60: Head size dimensions for each pediatric head. 

Specimen Age 

Head 
Length 

(cm) 

Head 
Width 
(cm) 

Circumference 
(cm) 

Characteristic 
Length (cm) 

P03M 31-week-gestation 10.3 8.5 30.4 49.2 

P07M 33-week-gestation 9.9 8.4 29.6 47.9 

P06F 33-week-gestation 10.8 9.5 34.8 55.1 

P13F 34-week-gestation 10.7 7.2 29.7 47.6 

P08M 37.5-week-gestation 12.6 9.6 35.8 58.0 

P04F 40-week-gestation 16.4 10.0 42.6 69.0 

P05M 40-week-gestation 10.8 9.0 33.4 53.2 

P12M 5-month 13.1 10.9 40.8 64.8 

P14M 9-month 14.8 12.0 46.5 73.3 

P15F 11-month 14.8 12.2 44.5 71.5 

P17F 22-month 17.3 13.2 50.0 80.5 

P24F 6-year 17.0 14.2 54.5 85.7 

P18M 9-year 16.9 13.0 49.3 79.2 

P21F 16-year 19.2 14.5 56.6 90.3 

Adult Adult 19.6 15.5 57.2 92.3 
 

Table 6-61:  Head size dimensions for each adult head. 

Specimen 
Age 

(months) 

Head 
Length 
(mm) 

Head 
Width 
(mm) 

Circumference 
(mm) 

Characteristic Length 
(mm) 

A01M 732 185 163 565 913 

A02M 636 195 143 565 903 

A04M 708 195 163 583 941 

A05M 696 187 147 615 949 

A06M 804 203 150 611 964 

A07M 804 210 155 599 964 
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Table 6-62:  Head size dimensions for each ATD head. 

Specimen 
Age 

(months) 

Head 
Length 
(mm) 

Head width 
(mm) 

Circumference 
(mm) 

Characteristic 
length (mm) 

6-month CRABI 6 154.9 119.4 442 716.3 

12-month CRABI 12 158 125 473 756 

3-year-old Hybrid III 36 171 135 508 814 

3-year-old Q3 36 177 138 570 885 

6-year-old Hybrid III 72 173 142 520.7 835.7 

10-year-old Hybrid III 120 179 142 538 859 

Adult Hybrid III 240 200 156 590 946 
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Chapter 7:  Analytical Models for  

Pediatric, Adult and ATD Head Impacts 
7.1 Introduction 

This aim of this chapter is to develop analytical models for the head impact 

responses presented in Chapter 6.  The goal is to develop three analytical models for each 

head impact and to evaluate each model’s predictive value.  The ability of the resulting 

models to predict peak acceleration, head injury criteria, and pulse duration for pediatric, 

adult, and ATD heads will be tested.  Recommendations will also be made on how to 

model the each head type.   

7.2 Background 

Modeling of the head is one of the most effective methods for studying head 

injury.  It allows head impact situations, such as car crashes or falls, to be simulated 

without the use of post mortem human specimens (PMHSs).  Modeling also has the 

ability to provide useful information such as head kinematics, forces and accelerations 

that can be applied directly to the study of head injury.   There are various types of 

models including physical models, finite element models and analytical models.  

Anthropometric test devices (ATDs), also known as crash test dummies, are the most 

widely used physical models (Hubbard and McLeod 1973a; Mertz et al. 1989; Mertz et 

al. 2001; OCS 2001b; OCS 2001a).  They were developed in the 1950s and have been 

used extensively for car design and passenger safety research (Backaitis and Mertz 

1994a).  The most popular ATD is the Hybrid III, which was developed in the 1970s; 
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later, pediatric crash test dummies were developed for the Hybrid series (Backaitis and 

Mertz 1994a; Irwin and Mertz 1997).  Other examples of physical models of the human 

head have been developed specifically for studying head injury in infants or injuries 

caused by blast (Coats and Marguiles 2008; Zhang et al. 2009a).  Finite element models 

allow the user to gain insight into the mechanical response of both the external and 

internal tissues of the head under impact or blast loading (Zhang et al. 2001b; Coats et al. 

2007; Rousseau et al. 2010).  They have been extensively used to help understand 

traumatic brain injuries and concussions (Rousseau et al. 2010).  The downsides to these 

models are they can be expensive to obtain, time consuming to develop, and complex to 

use.  

Without the complexities of physical or finite element models, analytical models 

provide a simple method for estimating the impact response of the head (Young 2002; 

Young 2003; Prange et al. 2004).  Analytical models cannot provide constitutive or 

kinematic information, but they can provide estimates of the peak force, peak resultant 

acceleration, pulse duration and head impact criterion (HIC) (Newman 1980).   In the 

past, analytical models have been used to conduct parametric analysis of adult head drops 

and have used been used to develop scaling rules for estimating pediatric head impact 

properties.  For example, Young used mathematics to model the head as a fluid-filled 

shell in impact, in order to investigate the effect of skull thickness on head impact 

response.  In doing so, he showed how the skull thickness affects impact stiffness and 

how impact stiffness is affected by Hertzian contact stiffness and shell bending stiffness 
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(Young 2003).   Mertz and van-Ratingen both used mass and spring analytical models to 

develop scaling rules that were used to estimate impact properties (Mertz et al. 1989; 

van-Ratingen et al. 1997).    

To date, analytical models used to analyze head impacts have mostly been simple, 

using a single linear spring with a lumped mass.  Other complexities such as non-linearity 

spring stiffness, rate dependency, and plasticity have not been incorporated into the 

analytical head models.  In theory, an evaluation of the actual head drop data should 

indicate which analytical model is appropriate for modeling the head impact.  For 

example, if an impact has a toe region and a non-linear force-deflection curve, the model 

should reflect this behavior and also be non-linear.  If the head is shown to rate 

dependent, then the model should have a viscoelastic component, and if the energy lost is 

rate-independent then the head should be modeled as a fluid (Stronge 2000b).   

Analyses done in Chapter 6 provide indications of how the ATD heads, pediatric 

heads, and adult heads should be modeled.  All heads types were shown to be non-linear 

and rate-dependent (Figure 7-1 and Figure 7-3).  Differences between the heads were 

found in the vertical change in kinetic energy of the heads and the compression at 

rebound.  For example, the human heads were shown to have changes in kinetic energy 

that were independent of rate, while the ATD heads’ changes in kinetic energy were 

dependent on rate.  Additionally, the adult heads were shown to still be compressed at the 

point of rebound, while some of the ATD heads uncompressed at the point of rebound 
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(Figure 7-1).  These differences in energy change  and compression at rebound point to 

modeling the human head with a fluid component.   

 
Figure 7-1:  Impact force-displacement curve for the 11-month-old (P15F) 30cm occipital impact.  

This shows how the stiffness of the head was non-linear.  All of the head types were shown to be non-

linear.   

 

 
Figure 7-2:  Plot of the impact force-displacement curve for the 6-month CRABI (D07D) 30cm 

occipital impact.  The loading portion of the curve is shown in black while the restoration portion of 

the curve is shown in blue.  This shows how the ATD head rebounded with little compression.  

Compare compression at rebound in this figure to the compression at rebound in Figure 7-1.   
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Figure 7-3:  Occipital drops for the 9-month-old (P14M).  These acceleration-time pulses show how 

the head was rate dependent. All of the head types were shown to be rate dependent. 

 

Analytical models are built with different components to have different modeling 

effects.  For the simplest model, the mass and linear spring system, the head mass is 

taken as the mass of the system and the stiffness of the linear spring governs the natural 

frequency and acceleration response. The response takes the shape of a half sine wave 

with constant pulse duration (Mertz et al. 1989; van-Ratingen et al. 1997). To add non-

linearity to the spring and mass system, the spring can be made to be non-linear.  This 

creates non-linear force-displacement responses and can account for toe regions in data.  

An example of a non-linear spring would be a Hertzian response of sphere impacting a 

rigid surface (Hertz 1896; Goldsmith 2002b). 

For the analytical model to account for viscoelastic effects, Fung developed a 

standard linear model that placed a linear spring and a linear damper, connected in series, 

in parallel with a single linear spring (Figure 7-5) (Fung 1993).  This allows the rate 
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dependency to be captured by the damper.  Another way to account for viscoelasticity is 

to add a damper in series with an accompanying spring (Stronge 2000b).    

Currently, there are no validated analytical models for the pediatric head.  There 

are no analytical models for the crash test dummies heads either.  The goal of this chapter 

is to develop mass-spring, standard linear solid and non-linear fluid models for various 

pediatric heads, adult heads, and ATD heads.  The second goal is to evaluate the 

predictive capabilities of head drop response for the mass-spring model, the standard 

linear solid model and the fluid model.   

7.3 Formulation  

7.3.1 Derivation of the Mass-Spring System Equation of Motion   

 
Figure 7-4:  Schematic of the mass-spring system.  K is the spring constant and x is the displacement 

of the mass.  Positive is up in this system, as indicated by the arrow on the right hand side of the 

schematic.   

In this system, the mass would impact with an impact velocity and no 

acceleration.  Hence, the sum of the forces on the mass would only include the force from 



 

 

340 

the spring (gravity is neglected).  The equation showing the acceleration of the mass and 

the sum of the forces (Newton’s second law) is Equation 7-1.   

  ̈      

Equation 7-1 

Bringing all constituents of Equation 7-1 to one side produces the mass spring equation 

of motion (Equation 7-2) (Prange et al. 2004).   

  ̈       
Equation 7-2 

 

7.3.2 Derivation of the Standard Linear Model Equation of Motion 

 
Figure 7-5:  Schematic of a standard linear model.  The c is the damping coefficient and the linear 

spring constants are k1 and k2.  Positive is up in this system, as indicated by the arrow on the right 

hand side of the schematic.     

 

In this system, there will be no initial acceleration and the initial velocity will be 

known.  The initial condition is that x, y and z equal zero.  The displacement of each 

component is measured separately, with the damper displacement measured with y and k2 
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displacement measured with z. k1’s displacement is measured by x and is equal to the 

sum of y and z (Equation 7-3).   

      
Equation 7-3 

The sum of the forces on the mass comes from the damper, which is proportional to the 

velocity, and k1. This sum of forces would equal the mass times the acceleration of the 

mass (Equation 7-4).   

  ̈     ̇      
Equation 7-4 

The forces in k2 must equal the forces in the damper due to equal and opposite forces at 

the junction of the spring and damper.  Hence, the acceleration of the mass can be related 

to k1 and k2 using Equation 7-5.    

 

  ̈           
Equation 7-5 

To get Equation 7-5 in terms of z, Equation 7-3 is solved in terms of y and inserted into 

Equation 7-5  to produce Equation 7-6.   

  ̈     (   )      
Equation 7-6 

To solve the equation of motion, it must be placed in terms of x because x and its 

derivatives will be known from the impact.  Therefore, the derivative of Equation 7-6 was 

taken and the  ̇ from Equation 7-4 was placed into it. First the derivative of Equation 7-6 

was taken to produce Equation 7-7.   

  ⃛   (     ) ̇     ̇ 
Equation 7-7 

Then Equation 7-4 was solved for  ̇:   
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 ̇   
  ̈

 
 
   

 
 

Equation 7-8 

Equation 7-8 is then inserted into Equation 7-7 to produce Equation 7-9. 

  ⃛   
   

 
 ̈  (     ) ̇  

    
 
  

Equation 7-9 

The final equation for the standard linear model equation of motion is  Equation 7-10 

(Prange et al. 2004).   

 ⃛  
  
 
 ̈  (

  
 
 
  
 
)  ̇  

    
  

    

Equation 7-10 

 

7.3.3 The Derivation of the Non-Linear Fluid Model Equation of Motion   

 
Figure 7-6:  Schematic of a non-linear fluid system.  The c is the damping coefficient and spring 

stiffness is represented by a non-linear function in which A and B are constants.  In this system, 

down is positive, as indicated by the downward arrow on the left hand side of the schematic.   

  

In this system, the initial displacement was also defined as zero. Similar to the 

previous models, there is no initial acceleration, but there is an initial velocity.  In this 
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system, the displacement of the each component is separate, and denoted by z for the 

damper and y for the spring.  The total displacement was x and was equal to a sum of the 

displacement of both components (Equation 7-11).   

      
Equation 7-11 

The sum of the force on the mass would come from the damper; where the damper’s 

force is directly proportional to the velocity (Equation 7-12).  The forces by the damper 

and the non-linear spring must be equal and opposite at the junction between the two 

(Equation 7-13).       

  ̈     ̇ 
Equation 7-12 

  ̈     ̇    (     )       
Equation 7-13 

Solving Equation 7-11 for y and placing it into Equation 7-13  results in Equation 7-14.   

    ̈    (  (   )   ) 
Equation 7-14 

From the head drop data, only the total displacement (x) can be obtained.  Hence, the z in 

Equation 7-14 needs to be removed.  To do this, Equation 7-12 was integrated to get z in 

terms of a derivative of x Equation 7-15and later inserted into Equation 7-14.   

  ̇       

Equation 7-15 

The integration of Equation 7-12 leads to a constant in the equation.  Solving for  ̇ and 

noting that the initial velocity (Vo) will be known, Equation 7-15 becomes Equation 7-

16. 

 ̇   
  

 
      

Equation 7-16 
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Solving Equation 7-16 for z results in Equation 7-17. 

  
 

 
   

 

 
 ̇  

Equation 7-17 

 Once there is an equation for z that has a derivative of x in Equation 7-17, it can be 

placed into Equation 7-14 (resulting in Equation 7-18).  Then, this new equation must be 

solved for  ̈ to get the equation of motion (Equation 7-20).   

  ̈    (  (  
  ̇

 
 
 

 
  )   )      

Equation 7-18 

  ̈   (  (  
  ̇

 
 
 

 
  )   )        

Equation 7-19 

 ̈  
 

 
(  (  

  ̇

 
 
 

 
  )   )          

Equation 7-20 

       

7.4 Methods 

A set of ATD, pediatric, and adult heads were subjected to compression testing to 

find the quasi-static head stiffnesses, and a set of head drop tests were performed to 

obtain head impact responses (Chapter 5 and Chapter 6).  The acceleration-time pulses of 

the head drops were then used to develop mass-spring and standard linear models.  The 

details of each test are reported in Chapter 5 and Chapter 6.  The acceleration–time pules 

of the head drops were used to develop all analytical models, and the quasi-static head 

stiffness values were used for as the spring constant in the standard linear model.  The 

analysis for all of the models was based on methods used by Prange et al. (Prange et al. 

2004).   
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Table 7-1:  Pediatric heads used in head impact tests and modeled using analytical models. 

Specimen ID Age Sex Race Cause of Death 

P13F 34-week-gest. F Unknown Unknown 

P07M 33-week-gest. F Unknown Unknown 

P08M 37.5-week-gest. M Caucasian Pulmonary Hypoplasia 

P05F 1-day-old F Caucasian Diaphragmatic hernia 

P03M 3-day-old M Caucasian 
Ischemic encephalopathy; 

cerebral infarction 

P06F 11-day-old F Black 

Non-immune hydrops 
fetalis;  intercranial 

hemorrhage 

P12M 5-month-old M Black Respiratory failure 

P14M 9-month-old M Black 
Chronic obstructive 
plumonary Disease 

P15F 11-month-old F Caucasian SIDS, renal failure 

P17F 22-month-old F Caucasian Non-Hodgkins lymphoma 

P18M 9-years-old M Black 
End stage renal disease; 

secondary:  Hyperkalemia 

P21F 16-years-old F Caucasian Seizure disorder 

 
Table 7-2:  Adult heads used in the head impact tests and modeled using analytical models. 

Specimen ID Age Sex Race Cause of Death 

A01M 61-years-old M Caucasian Unknown 

A02M 53-years-old M Caucasian Respiratory failure 

A04M 59-years-old M Hispanic  Septic shock 

A05M 58-years-old M Caucasian Chronic obstructive pulmonary disease 

A06M 67-years-old M Caucasian Respiratory failure 

A07M 67-years-old M Caucasian Unknown 

A08M 57-years-old M Unknown Unknown 
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Table 7-3:  ATD heads used in the head impact tests and modeled using analytical models. 

Specimen ID ATD head 

D01D 50
th

 percentile adult male Hybrid III 

D02D 12-month CRABI 

D03D 3-year Hybrid III 

D04D 6-year Hybrid III 

D05D 10-year Hybrid III 

D06D 3-year-old Q3 

D07D 6-month CRABI 

 

For the mass-spring model, the governing equation of motion (Equation 7-2) was 

numerically solved by varying the spring stiffness (k) and solving the differential 

equation using the ode45 function in MATLAB R2010b (Mathworks, Natick, MA) 

(Figure 7-4).    

For the standard linear solid model, the equation of motion was Equation 7-10.  In 

this equation the spring constant, k1, was set as the quasi-static head stiffness of the head.  

k1 used for the right and left parietal drops was taken from the lateral quasi-static head 

stiffness values, and the anterior-posterior quasi-static stiffness values were used for the 

k1 values of the  forehead and occipital drops.  An average of the lateral and anterior-

posterior stiffness values was used for the k1 of the vertex drops.  If one of the head 

stiffness directions were missing, the remaining quasi-static stiffness value was used for 

all drops.  The governing equation for the standard linear solid model, and each 

acceleration pulse, was solved numerically by varying k2 and the damping constant, c, 
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using MATLAB 2010b.  The differential equation was solved by using the ode45 

function.   

For the non-linear fluid model, the equation of motion was Equation 7-20.  The 

drop height was used to calculate the initial velocity (V0).   ̈,   ̇ and x were taken from 

the acceleration-time pulse by integrating the pulse to get velocity and displacement.  The 

other constants, A, B and c were solved for by using matlab function nlinfit.   

To test each model’s predictive power, the models that were developed using the 

15cm drops were used to predict the response of the 30cm drops and vice versa.  The 

HIC, peak acceleration and pulse duration errors for each model was used to test each 

model’s predictive power.  Also, the coefficient of determination (R
2
) will also be used to 

test the model’s predictive power.  For statistical comparison, analysis of covariance 

(ANCOVA) was performed to investigate the significance of analytical model, drop 

height used to develop the model, age and impact location on the percentage error of the 

peak acceleration, pulse duration, HIC, and coefficient of determination.  The 

significance level for all ANCOVA tests was p<0.05.  Levene tests were also performed 

for each ANCOVA to ensure that the variances were equal and that use of the ANCOVA 

was valid (p>0.05).  If use of the  ANCOVA was invalidated by the Levene test, a 

generalized linear model was used with a normal distribution and identity canonical link 

function instead (Norman and Streiner 2003).  Again the significance level was set at 

p<0.05 for the generalized linear models.  To compare the errors across groups, the 

human heads were divided into four age groups:  neonate, toddler, youth and adult.  The 
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drops were divided into two groups:  midsagittal drops and lateral impacts (Table 7-5).  

Also, the drop heights used to develop the models were separated.  To test for significant 

differences between age groups or impact locations, the Tukey-Kramer method was used 

with a significance level of p<0.05.   

Table 7-4:  Division of human heads into different age groups for this chapter. 

Age Group Age Range Number of Specimen 

Neonate Younger than one-month-old 6 

Toddler 5-months to 22-months 4 

Youth 9-years to 16-years 2 

Adults Older than 18-years 6 
 

Table 7-5:  Division of head impact locations for this chapter. 

Mid-sagittal Impacts Lateral Impacts 

Forehead Right Parietal 

Occiput Left Parietal 

Vertex 
  

Because the ATD heads had repeated drops, repeated-measures analyses of 

covariance were used to investigate the significance of the ATD head.  The variables of 

the repeated-measures ANCOVA were impact location, analytical model used, and drop 

height used to develop the model.  The repeated-measures ANCOVA were used test the 

significant predictors for the percentage error of the peak resultant acceleration, HIC and 

pulse duration of the model prediction and the R
2
 of the prediction.  The equality of the 

variances or the sphericity was found using Mauchly’s sphericity test to ensure that it was 

valid to use repeat-measures ANCOVA (p>0.05).  If the variables lacked sphericity, 

(p<0.05), a multivariate analysis of covariance F-test was done (Lehman et al. 2005b).  
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To test for significant differences between impact locations, ATD heads and analytical 

models, the Tukey-Kramer method was used with a significance level of p<0.05.   All 

statistical analyses were done using JMP (SAS, Cary, NC).  

7.5 Results 

A total of 27 heads were used in this study: 7 ATDs, 6 adults and 12 pediatric 

heads. The ATDs represented ages from 6-months to the 50
th

 percentile adult male.   The 

adult heads ranged in reported ages of 53 to 67-years-old and the pediatric heads ranged 

from 33-weeks-gestation to 16-years-old (Table 7-1 to Table 7-3).    

The quasi-static stiffnesses are reported in Table 7-6 (Chapter 5).  The reported 

stiffnesses were used to represent k1 in the standard linear models for each head drop.  

Example fits of the head drops are shown in Figure 7-7 for all three models.  Example 

predictions of both models are shown in Figure 7-8. 
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Table 7-6:  The measured quasi-static stiffnesses as reported in Chapter 5.  These values were used 

for k1 for the standard linear model.   

Head Type 
Specimen 

Name Age 
Lateral Stiffness 

(N/mm) 
AP Stiffness 

(N/mm) 

Pediatric P03M 3 days 9.8 5.6 

Pediatric P05F 1 days 6.8 9.7 

Pediatric P06M 11 days 7.2 5.5 

Pediatric P07M 33-weeks gestation 11.2 12.1 

Pediatric P08M 37.5-weeks gestation 8.0 4.4 

Pediatric P13F 34-weeks gestation 9.2 9.4 

Pediatric P12M 5-months 41.5 36.9 

Pediatric P14M 9-months 37.2 39.4 

Pediatric P15F 11-months 65.3 110.9 

Pediatric P18M 9-years 198.4 
 Pediatric P21F 16-years 256.6 184.1 

Adults A02M 53-years 
 

456.0 

Adults A04M 59-years 396.0 
 Adults A01M 61-year 603.2 
 Adults A05M 58-years 728.0 
 Adults A06M 67-years 239.0 
 Adults A07M 67-years 273 277 

ATD D07D 6-month-old CRABI 62.4 18.5 

ATD D02D 12-month-old CRABI 72.9 32.3 

ATD D03D 3-year-old CRABI 411.8 125.5 

ATD D06D 3-year-old Q3 367.5 433.6 

ATD D04D 6-year-old Hybrid III 361.3 235.3 

ATD D05D 10-year-old Hybrid III 397.7 266.0 

ATD D01D Adult Hybrid III 351.5 215.0 
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a)  

b)

 

c)

 
Figure 7-7:  Examples of the mass-spring model fit (a), the standard-linear model fit (b) and fluid 

model fit (c) for the 9-year-old 30cm occipital impact response.  The original data is in black and the 

fits are in blue.   
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a)  

b)

 

c)

 
Figure 7-8:  Example predictions of the mass-spring model (a), the standard-linear model (b) and the 

fluid model (c) for the 9-year-old 15cm occipital impact response.  The model parameters were taken 

from the 9-year-old 30cm occipital fits (Figure 7-7).  The original data is in black   and the 

predications are in blue. 

 

7.5.1 Human Head Models 

7.5.1.1 Acceleration Error 

An analysis of covariance showed that the absolute error of the acceleration was 

dependent on the model used to predict the acceleration (p<0.0001), as well as the impact 

location (p<0.0001).  However, the Levene test for unequal variance invalidated the 

results (p<0.001).  A generalized linear model showed that the absolute error of the 
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acceleration was dependent on the analytical model used (p<0.0001) and impact location 

(p<0.0001) and was not dependent on age (p=0.23) or drop height used to develop the 

analytical model (p=0.54).   

 
Figure 7-9:  The absolute peak acceleration error for each model and head impact location.  The 

mass spring model had a statistically higher absolute error for both impact locations than the other 

models, and is denoted by * for the midsagittal plane impacts and % for the lateral impacts 

(generalized linear model and post hoc Tukey-Kramer test p<0.05).   The midsagittal impact’s peak 

acceleration error was statistically lower than the lateral impact’s errors for the mass-spring and 

non-linear fluid model and is denoted by # (multiple student t-tests p<0.05).   

 

Overall, the standard linear model produced the lowest peak acceleration errors, 

but these errors were only significantly different from the mass-spring model’s peak 

acceleration errors (generalized linear model with post hoc Tukey-Kramer tests 

p=0.0002).    The mass-spring model produced the highest absolute peak accelerations for 

both head impact groups, and these accelerations were statistically higher than those of 

the other two models for both impact groups (generalized linear model with post hoc 

Tukey Kramer tests p<0.001).  The lateral impact consistently produced the largest peak 
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acceleration errors for all models, and these errors were statistically higher for the 

midsagittal plane impacts for the mass-spring and non-linear fluid models (generalized 

linear model with post hoc student t-tests p<0.01).   

7.5.1.2 Human HIC 

An ANCOVA showed that the absolute HIC error was significantly dependent on 

the impact location, analytical model, and drop height used to develop the model 

(p<0.001).  However, Levene tests for unequal variances showed that the variances were 

unequal and invalidated the ANCOVA.  A generalized linear model showed results that 

mirrored the results of the ANCOVA; which indicated that the impact location, analytical 

model, and drop height used to develop the model were significant predictors of the 

absolute HIC error for the human heads (p<0.0001), while age was shown not to be a 

significant factor (p=0.26) for predicting HIC error.   

For the models, the mass-spring model was found to consistently produce the 

statistically highest absolute HIC errors across both impact location groups and both drop 

heights used for the model development (generalized linear model with multiple post hoc 

Tukey Kramer tests (p<0.05)). The nonlinear fluid and standard linear models were 

shown to consistently not have a statistical difference across all groups, however, the 

non-linear fluid model produced the most accurate HICs for head impacts.  For impact 

location group, all three models predicted the midsagittal plane impacts with more 

accuracy across all groups, with the majority of the grouping being statistically different 

(generalized linear models with multiple post hoc student t-tests (p<0.05)).  The drop 
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height used to develop the model was a significant factor for the mass-spring model and 

standard linear model, with models developed from 30cm impacts being more accurate 

than those developed from 15cm impacts (generalized linear model with multiple post 

hoc student t-tests (p<0.05)).  However, model drop height had no effect on accuracy of 

the HIC for the fluid models (generalized linear model with two post hoc student t-tests 

(p>0.41)).   

Overall, the mass-spring model was the worst at predicting the HIC, as it resulted 

in average predictions that were off by as much as 203%.  The most accurate model for 

predicting the HIC was the fluid model, which on average had an error between 20% and 

24%.   

Table 7-7:  Absolute HIC percentage error for each model, drop height used to develop the model, 

and drop location group.  The mass spring models were the statistically worst in predicting HIC, and 

all three models were better at predicting the midsagittal impacts than the lateral impacts 

(generalized linear model with post hoc Tukey Kramer tests for the models and student t-tests for the 

impact type p<0.05).  The mass-spring and standard linear models better predicted the HIC when 

the model was developed from the 30cm impacts (generalized linear model with post hoc multiple 

student t- tests p<0.05), while the fluid model accuracy of the HIC was not affected by the drop 

height used to develop the model (student t-tests p<0.05). 

 

  
Drop Location Group 

Model Model Development Drop height Midsagittal Lateral 

Mass-Spring 

15cm 

86% 155% 

Standard Linear 15% 26% 

Non-linear fluid 20% 23% 

Mass-Spring 

30cm 

142% 203% 

Standard Linear 30% 42% 

Non-linear fluid 21% 24% 
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7.5.1.3 Human Pulse Duration 

An ANCOVA showed that the age, analytical model, and drop height used to 

develop the model were significant predictors of the human pulse duration errors 

(p<0.0003).  However, the Levene tests invalidated the results as the variances were 

unequal (p<0.009).  A generalized linear model showed that the age (p<0.0001), 

analytical model (p<0.0001), and drop height used to develop the model (p=0.0002) were 

statistically significant predictors of the absolute pulse duration error for the human head 

drops.  The impact locations were shown not to be significant predictors of pulse duration 

error (p=0.58).   

The mass-spring model most frequently produced the most accurate pulse 

durations. While the nonlinear fluid model showed mixed results, it produced the most 

accurate pulse durations for the age group that had the longest pulse durations and it 

produced the least accurate pulse durations for age groups that had the shortest pulse 

duration (Figure 7-10 and Chapter 6).   The mass-spring model most accurately predicted 

the pulse duration of the adult and youth heads while the fluid model most accurately 

predicted the pulse durations of the neonatal heads (Figure 7-10). Lastly, the models 

developed from the 15cm impacts produced more accurate pulse durations than the 

models developed from the 30cm impacts (Table 7-8).   



 

 

357 

 
Figure 7-10:  Absolute pulse duration error for models developed from 30cm drops.  A generalized 

linear model showed that the absolute pulse duration error was significantly dependent on the model, 

age, and drop height used to produce the model (p<0.05).  The * denotes that the model was 

statistically different from the other two models for that age group (post hoc Tukey-Kramer test 

p<0.05).   

 

Table 7-8:  The absolute pulse duration errors for each model.  A generalized linear model showed 

that the absolute pulse duration error was significantly dependent on the model, age, and drop height 

used to produce the model (p<0.05). 

Model 
Model Development Drop 

Height Neonate Toddler Youth Adult 

Mass-spring 

15cm 

18% 13% 20% 11% 

Standard Linear 26% 15% 30% 22% 

Non-linear fluid 15% 15% 40% 69% 

Mass-spring 

30cm 

34% 23% 22% 13% 

Standard Linear 40% 25% 33% 29% 

Non-linear fluid 17% 20% 36% 85% 

 

7.5.1.4 Predictive R
2
 

An ANCOVA showed that the R
2
 value of the model predictions was significantly 

dependent upon the age, analytical model, impact location, and drop height used to 
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develop the model (p<0.0016).  However, Levene tests for unequal variance showed that 

the ANCOVA was not valid.  A generalized linear model showed similar results to the 

ANCOVA with age, analytical model, impact location, and drop height used to develop 

the model all being  significant predictors of the R
2
 value (p<0.002).   

The mass-spring model consistently had the statistically lowest R
2
 value for all 

groupings.  Little statistical difference could be identified between the standard linear and 

non-linear fluid models.  The models produced higher R
2
 values for the midsagittal plane 

impacts when compared to the lateral impacts.  The models produced from drop heights 

of 30cm resulted in higher R
2
 values when compared to models produced from drop 

heights of 15cm.  The mass-spring models produced the lowest R
2
 prediction results 

when modeling adult heads, while the standard linear model produced the lowest R
2
 

results when modeling the neonatal head (Figure 7-11).   
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Figure 7-11:  The R

2
 of the model predictions of midsagittal plane head drops from models produced 

by 30cm head impact data. The mass-spring model consistently produced lowest R
2
 values for 

predicting head drops when compared against the standard linear and non-linear fluid models, and 

is denoted by * (multiple Tukey Kramer tests p<0.05).  A generalized linear model showed that the 

R
2
 of the predictions was dependent on the model used, the age of the head, the impact location, and 

the drop height used to develop the model.   
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Figure 7-12:  The R

2
 values of predictions made for the midsagittal plane neonatal impact.  The 

graph compares the drop heights used to develop the model.  * denotes the mass-spring model 

developed from 15cm drops produced a statistically lower R
2
 value than the mass-spring models 

developed from 30cm drops.   

 

Table 7-9:  The R
2
 values of predictions made by models produced using the 15cm drop data. 

 

  
Drop Location Group 

Age Group Model Midsagittal Lateral 

Neonatal 

Mass-Spring 0.75 0.73 

Standard Linear 0.90 0.84 

Non-linear Fluid 0.93 0.82 

Toddler 

Mass-Spring 0.73 0.76 

Standard Linear 0.87 0.88 

Non-linear Fluid 0.92 0.87 

Youth 

Mass-Spring 0.78 0.74 

Standard Linear 0.97 0.96 

Non-linear Fluid 0.90 0.83 

Adults 

Mass-Spring 0.74 0.67 

Standard Linear 0.95 0.84 

Non-linear Fluid 0.88 0.78 
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Table 7-10:  The R
2
 value of the predictions made by models produced using the 30cm head drop 

data. 

 

 
Drop Location Group 

Age Group Model Midsagittal Lateral 

Neonatal 

Mass-Spring 0.84 0.81 

Standard Linear 0.92 0.87 

Non-linear Fluid 0.93 0.87 

Toddler 

Mass-Spring 0.84 0.78 

Standard Linear 0.93 0.91 

Non-linear Fluid 0.94 0.81 

Youth 

Mass-Spring 0.80 0.74 

Standard Linear 0.97 0.96 

Non-linear Fluid 0.90 0.90 

Adults 

Mass-Spring 0.78 0.66 

Standard Linear 0.96 0.82 

Non-linear Fluid 0.94 0.84 

 

7.5.2 ATD Head Models 

7.5.2.1 ATD Peak Resultant Acceleration Error 

A repeated measures ANCOVA showed that both the ATD head and analytical 

model were significant predictors of the model’s resultant acceleration error (p<0.007).  

Conversely, the impact location (p=0.0544) and the drop height used to develop the 

model (p=0.53) were not significant factors.  The repeated drops were not shown to affect 

the models’ resultant acceleration error (p=0.21).  A Mauchly’s sphericity test showed 

that the variances were equal and that use of the repeated-measures ANCOVA was valid 

(p>0.4). 

The fluid model best predicted the peak acceleration for all of the ATD heads and 

was statistically the best model at predicting the peak acceleration for six out of the seven 
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heads.  The mass-spring model was the worst at predicting the peak acceleration for all 

heads, however no statistical difference was found between this model and the standard 

linear model (Table 7-11).  Overall, the models were the worst at predicting the peak 

acceleration for the 6-month CRABI and were the best at predicting the 3-year-old HII 

(Table 7-11).   

Table 7-11:  Average absolute peak resultant acceleration error for each model type by ATD head.  

Multiple Tukey-Kramer tests showed that the nonlinear fluid model produced the statistically lowest 

peak resultant acceleration for six of the seven ATDs and is denoted by *.   

 
Mass-Spring Standard Linear Non-Linear Fluid 

6-month CRABI 28% 27% 18.12% * 

12-month CRABI 15.7% 14.4% 7.3% * 

3-year-old HII 14.8% 13.5% 7.5% * 

3-year-old Q3 17.4% 15.6% 8.1% * 

6-year-old HIII 19.4% 18.2% 8.7%  * 

10-year-old HIII 20.9% 19.6% 17.3% 

Adult HIII 19.8% 18.6% 10.0% * 

 

7.5.2.2 ATD Absolute HIC Error 

A repeated-measures ANCOVA showed that the ATD head, impact location, 

analytical model, and drop height used to develop the model were all significant 

predictors of the average absolute HIC error (p<0.002).    

Overall, the statistically worst HIC predictions were produced by mass-spring 

models and by models developed using data from 30cm drops; while the statistically best 

models were the fluid models (repeated-measures ANCOVA p<0.05).  Also, the HIC 

predictions of the adult Hybrid III heads and lateral impacts were least accurate 

predictions, while predictions for the 12-month-CRABI and forehead impacts were the 
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most accurate predictions (repeated-measures ANCOVA p<0.05) (Table 7-12 and Figure 

7-13).   

Table 7-12:  The absolute average percentage error of the HIC prediction for each analytical model 

developed from the 15cm drops.  The repeated-measures ANCOVA showed that the absolute HIC 

percentage error was dependent on impact location, analytical model, ATD head, and drop height 

used to develop the model (p<0.05). 

 
Midsagittal Lateral 

 
Mass-Spring 

Standard 
Linear 

Non-linear 
Fluid Mass-Spring 

Standard 
Linear 

Non-
linear 
Fluid 

6-month CRABI 18.5% 30.3% 18.3% 17.9% 32.2% 23.7% 

12-month CRABI 10.3% 15.6% 11.9% 20.6% 16.8% 4.7% 

3-year-old Hybrid 
III 52.2% 16.1% 19.6% 88.7% 9.6% 6.1% 

3-year-old Q3 8.1% 12.9% 7.5% 12.9% 24.1% 12.2% 

6-year-old Hybrid 
III 34.0% 20.2% 4.2% 98.4% 13.3% 15.7% 

10-year-old 
Hybrid III 31.3% 23.1% 41.2% 137.9% 15.0% 48.1% 

Adult Hybrid III 33.7% 20.5% 9.3% 107.7% 7.5% 8.7% 
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Table 7-13:  The absolute average percentage error of the HIC prediction for each analytical model 

developed from the 30cm drops.  The repeated-measures ANCOVA showed that the absolute HIC 

percentage error was dependent on impact location, analytical model, ATD head and drop height 

used to develop the model (p<0.05). 

 
Midsagittal Lateral 

 
Mass-Spring 

Standard 
Linear 

Non-linear 
Fluid Mass-Spring 

Standard 
Linear 

Non-
linear 
Fluid 

6-month CRABI 57.8% 29.0% 24.3% 179.8% 52.2% 31.3% 

12-month CRABI 56.9% 21.1% 10.0% 89.5% 22.1% 5.1% 

3-year-old Hybrid III 85.9% 15.7% 10.7% 165.8% 48.9% 18.3% 

3-year-old Q3 57.6% 35.8% 13.1% 104.9% 62.5% 10.9% 

6-year-old Hybrid III 134.6% 31.7% 14.9% 195.2% 42.7% 28.5% 

10-year-old Hybrid III 154.2% 40.3% 32.2% 212.8% 39.7% 47.6% 

Adult Hybrid III 137.6% 37.0% 16.3% 232.9% 42.7% 32.3% 

 

7.5.2.3 ATD Predictive R
2 

A repeated measures ANCOVA showed that the ATD head, analytical model, 

impact location, and drop height used to develop the model were significant predictors of 

the model’s predictive R
2
 value (p<0.03).  The repeated drops were not shown to affect 

the models’ predictive R
2
 (p=0.45).  The mass-spring models and models developed from 

15cm drops produced the lowest R
2
 values, while the fluid models and models developed 

from the 30cm drops produced the highest R
2
 values (repeated-measures ANCOVA 

p<0.05).  The models produced the best R
2
 values for the 12-month CRABI and the 

forehead impacts and the worst R
2
 values for the 10-year-old Hybrid III and the lateral 

impacts (repeated-measures ANCOVA p<0.05).   
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Table 7-14:  The average predictive R
2
 value for each analytical model developed from the 15cm 

head drops.  The repeated-measures ANCOVA showed that the predictive R
2
 value was statistically 

dependent on ATD head, analytical model, impact location, and drop used to develop the model 

(p<0.05).   

 
Midsagittal Lateral 

 
Mass-Spring 

Standard 
Linear 

Non-linear 
Fluid Mass-Spring 

Standard 
Linear 

Non-linear 
Fluid 

6-month CRABI 0.75 0.71 0.85 0.73 0.84 0.94 

12-month CRABI 0.90 0.93 0.98 0.87 0.94 0.99 

3-year-old Hybrid III 0.78 0.92 0.98 0.72 0.92 0.97 

3-year-old Q3 0.91 0.94 0.98 0.79 0.89 0.97 

6-year-old Hybrid III 0.71 0.88 0.98 0.68 0.90 0.90 

10-year-old Hybrid III 0.70 0.86 0.90 0.68 0.89 0.91 

Adult Hybrid III 0.68 0.89 0.97 0.63 0.89 0.91 

 

Table 7-15:  The average predictive R
2
 value for each analytical model developed from the 30cm 

head drops.  The repeated-measures ANCOVA showed that the predictive R
2
 value was statistically 

dependent on ATD head, analytical model, impact location and drop used to develop the model 

(p<0.05).   

 
Midsagittal Lateral 

 

Mass-
Spring 

Standard 
Linear 

Non-linear 
Fluid Mass-Spring 

Standard 
Linear 

Non-
linear 
Fluid 

6-month CRABI 0.90 0.88 0.93 0.86 0.89 0.95 

12-month CRABI 0.94 0.95 0.92 0.92 0.95 0.98 

3-year-old Hybrid III 0.86 0.93 0.98 0.81 0.93 0.97 

3-year-old Q3 0.94 0.96 0.96 0.88 0.93 0.98 

6-year-old Hybrid III 0.85 0.92 0.98 0.76 0.93 0.93 

10-year-old Hybrid III 0.84 0.91 0.84 0.76 0.93 0.93 

Adult Hybrid III 0.83 0.92 0.93 0.74 0.92 0.92 

 

7.6 Discussion 

The study of pediatric head injury has been hindered by the lack of availability of 

child PMHSs.  It is therefore necessary to simulate the pediatric head in impact using 

models.  Analytical models can be a simple way of predicting the acceleration-time 
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response of the head.  To that end, the goal of this study was to produce analytical models 

of acceleration-time responses for a collection of pediatric, adult, and ATD heads.    

7.6.1 Best Models for the Human Heads 

Overall generalized linear models showed that the non-linear fluid models 

produced the best results modeling the responses of the human heads compared to the 

standard linear and mass-spring models.  The non-linear fluid models produced more 

accurate results for the HIC and peak acceleration, as well as produced a higher R
2
 value 

for the predictions even though the differences from the standard linear model were not 

statistically significant for all variables (multiple Tukey-Kramer tests p>0.05).  Although 

the standard linear model predicted better pulse durations than the non-linear fluid model, 

the non-linear fluid model is still better for injury estimates because it was more accurate 

at predicting parameters used for injury, such as HIC and peak acceleration.   HIC is 

currently the injury metric used for car safety standards and peak acceleration is used as 

an estimate for concussion estimates (Kleinberger et al. 1998; McElhaney 2005; Rowson 

2011).   

The accuracy of the fluid model for the human heads (pediatric and adult) has to 

do with the non-linear spring and the damper that was placed in series and not in parallel.  

All of the human heads showed non-linear behavior in impact, evidenced by the toe-

regions and a non-linear (increasing slope) force-displacement curve (Figure 7-1).  This 

effect was captured by the non-linear spring in the fluid model (Figure 7-6).  The damper 

modeled rate-dependent characteristics of the human head in impact.  It captured the rate 
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dependency seen in the heads due to the increased stiffness response from the increased 

drop height (Chapter 6).     

7.6.2 Best Model for the ATD Heads 

Like the human head, the best model was also the non-linear fluid model.  

Multiple repeated-measures ANCOVA by specimen showed that the fluid model 

produced more accurate peak accelerations and was more accurate in HIC prediction 

(p<0.05) (Table 7-11 to Table 7-13).  For the ATD heads, the non-linearity of the fluid 

model was important in this model producing more accurate HIC and acceleration 

predictions.  While differences were small between the standard linear models and non-

linear fluid models for the human head, the differences between these models were larger 

for the ATD heads (Table 7-11 to Table 7-13).  Given that the ATD heads had change in 

vertical kinetic energy that were velocity dependent, it was expected that a spring and 

damper in parallel would be a better model for ATD drops than a spring and damper in 

series.  However, the non-linear fluid model produced better results than the standard 

linear model.  This is due to the non-linearity of the ATD heads, which was shown by the 

toe regions and non-linear force-displacement curves (Figure 7-13 and Figure 7-14).  The 

standard linear model could not model this behavior, while the non-linear fluid model 

could (Figure 7-8).  The non-linear spring in the fluid model better fit the ATD head 

drops than the linear springs of the standard linear model.   
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Figure 7-13:  Example plots of the acceleration, velocity, and displacement during impact for the 

Adult Hybrid III 15cm forehead head impact (D01D).  This shows the nonlinearity of the adult 

Hybrid III in impact and why the nonlinear fluid model better models the ATD head in impact than 

the standard linear model.   

 

 
Figure 7-14:  The impact force-displacement curve for the 10-year-old Hybrid III (D05D) 30cm 

occipital impact.  The loading portion of the curve is shown in black, while the restoration portion of 

the curve is shown in blue.  This shows the nonlinearity of the 10-year-old Hybrid III model and why 

the nonlinear fluid model better models the ATD head in impact than the standard linear model.   
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7.6.3 Head Properties Derived from Head Models 

The fits of the standard linear model and the mass-spring model provide 

measurements of dynamic stiffness of the head’s responses in impact. For example, the 

stiffness of the mass-spring model (k) and standard linear model (k2) of the human head 

were found to be an order of magnitude larger than the quasi-static measured stiffness 

(k1) (Table 7-16).  This mirrors the results for impact stiffness in Chapter 6.  The reason 

for this is that the dynamic stiffness is  governed  by the local contact mechanics of the 

head at the point of contact, as opposed to the structural stiffness of entire head (Chapter 

6) (Stronge 2000b).  This is in agreement with the previous analysis presented in Chapter 

6 and analysis of analytical models reported by Young (Young 2003).  Young conducted 

an analytical study using a fluid-filled shell model and showed that the mechanics of head 

impact were controlled by Hertz’s contact theory at the point of contact and  local 

bending of the bone (Young 2003). 

Table 7-16:  The average stiffness values for the neonate and adult heads.  The quasi-static measured 

stiffness was taken from head compression tests (Chapter 5) (Table 7-6).  The mass-spring stiffness 

was taken from optimization of Equation 7-2.  The standard linear spring stiffness value came from 

solving Equation 7-10.  

 
Neonate Adult 

Average Quasi-Static measured stiffness (k1) (N/mm) 8 421 

Average Mass-Spring spring stiffness (k) (N/mm) 37180 2152 

Average Standard Linear spring stiffness (k2) (N/mm) 57 5345 

 

Likewise, the standard linear model provides a measure of the rate of relaxation 

for the material, called the relaxation time constant (Equation 7-21) (Prange et al. 2004).  

It provides a measure of the rate at which the spring and damper side of the standard 
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linear model dissipates, and therefore the rate at which the head relaxes during impact 

(Lakes 1999).   An analysis of covariance of using age, impact location, and drop height 

to predict the relaxation time constant found that the relaxation time constant was 

significantly dependent only on age (p<0.0001) and not drop height (p=0.26) and impact 

location (p=0.63).  The relaxation time constant was shown to decrease with age, with the 

adult and youth age groups having the statistically lowest time constants (post hoc 

Tukey-Kramer tests p<0.05).   

                         
 

  
 

Equation 7-21 

 
Figure 7-15:  Relaxation time constant for each age group.  * and # denote that the age group is 

statistically different from the other age groups, according to an ANCOVA with a post hoc Tukey-

Kramer test (p<0.001) 

  

This change in relaxation time constant was evident in the responses of the human 

head in impact.  Overall, the younger heads had a lower change in vertical kinetic energy 
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(Chapter 6) (Figure 7-16).  There are two possible reasons for this difference.  First, there 

may be more angular accelerations during the adult and youth impacts and less in the 

neonatal and toddler impacts (Chapter 6).  The second reason is that the scalp and skin 

differences between the age groups may cause a difference in relaxation time constants.  

As the head ages, the scalp gets thicker and loses collagen and elastin in the skin (Agache 

et al. 1980; Silver et al. 2002) (Figure 7-17).  If the scalp behaves like an elastic-fluid 

material, then increasing the scalp thickness would allow the scalp to dissipate more 

energy and have a lower relaxation time constant (Jamison et al. 1968).   Likewise, as the 

collagen and elastin are reduced during aging, the skin would be less elastic and therefore 

reduce the relaxation time constant (Batisse et al. 2002) .  

 
Figure 7-16:  The average vertex change in vertical kinetic energy for each age group.  The 

ANCOVA showed that age was a significant predictor of change in vertical kinetic energy 

(p<0.0001).  The Tukey-Kramer method showed that the adult change in vertical kinetic energy was 

significantly more than the neonate and toddler changes in vertical kinetic energy, as denoted by * 

(ANCOVA with post-hoc Tukey-Kramer tests p<0.0005). 
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Figure 7-17:  Scalp thickness versus age.  This shows how the scalp thickness increases with age.  The 

pediatric scalp thicknesses are in black and will be presented in Chapter 11 (Loyd et al. 2010). The 

average adult thickness is in blue and was taken from Lee et al. (Lee et al. in preparation).  The error 

bars are the standard errors.  This figure was taken from Chapter 6 to show how the change in scalp 

thickness may affect the relaxation time constant.   

 

The current models still, on average, have large errors in the peak acceleration, 

HIC, and pulse durations.  One reason for this is that analytical models model impact as a 

one-dimensional event with no rotation.  This is incorrect as the heads can experience 

angular acceleration during the impacts.  Another reason is that the stiffnesses of the 

models were not based on mechanical models, such as Hertzian impact model and shell 

stiffness model.  For the mass-spring and standard linear models, the linear stiffnesses are 

not representative of the stiffness of either the human head or the ATD head.  Likewise, 

the nonlinear model was an equation used to fit the non-linear force displacement curves 

of a head in impact.  This equation was adequate for fitting the non-linear force-

displacement curves; however, it is not grounded in a mechanical theory.   
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To improve on the current models, the inclusion of nonlinear springs could 

improve the standard linear model and even the mass-spring model.  Non-linearity would 

allow the models to have toe-regions and to produce more accurate force-displacement 

curves.   In theory, a standard nonlinear model would better model the ATD head drops 

as it would have a nonlinear force-displacement curve and allow the change in vertical 

kinetic energy to be velocity dependent.  Also, all models could be improved by 

modeling the non-linear springs using theories such as Hertzian spherical contact or 

Winkler surface model (Hertz 1896; Podra and Andersson 1997; Stronge 2000b).  Lastly, 

a model with a non-linear spring, and non-linear displacement and velocity dependent 

damper in parallel may provide a better fit for the ATD heads.  Such a model would have 

characteristics that mimic the ATD head in impact as they would be rate dependent, have 

a non-linear toe-region and force-displacement curve, and a change in vertical kinetic 

energy that is velocity dependent (Stronge 2000b).   

7.6.4 Limitations 

There are limitations to this study.  The first limitation is the fact that models were 

produced for and tested at two drop heights, 15cm and 30cm.  It is unclear how accurate 

the models are for drop heights that deviate from 15cm and 30cm.  The second limitation 

is that the head models were developed for a limited number of specific ages.  The 

current data set has no head models for the age intervals of 23-months to 8-years and 17 

years to the mid 50’s.   This is due the challenge of collecting pediatric PMHSs; however, 

14 pediatric head models is a large advancement.  For the adult head, the skull stops 
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growing in the early twenties so the current collection of adult data may be representative 

of the male adult head for all of adulthood, however this would need to be tested 

(Robbins 1983; Schneider et al. 1983; Leslie and Farkas 1994).  Another limitation is that 

for the development of the models, each model was optimized to produce the maximum 

R
2
 value, while the important parameters of the models were peak acceleration and HIC 

error.  Another method could be to optimize the model for accurate acceleration or HIC 

values.  This could produce models that predict more accurate peak acceleration and HIC 

values.  The last limitation is the use of a fluid model.  Modeling the head as fluid means 

that the head can be totally compressed with a small load, if given enough time.  

However, the models in this study are for impact that lasted no longer than 30 

milliseconds.  Hence, the current fluid models are not applicable for loadings that are 

applied longer than 30 milliseconds.    

7.7 Conclusions 

This chapter presents novel and useful models for the study of head injury.  Three 

types of analytical models were created for pediatric, adult and ATD heads for impacts 

onto five locations at two drop heights.  The non-linear fluid model was found to be a 

better model for predicting important injury parameters such as HIC and peak 

acceleration for pediatric and adult human heads.   The mass-spring model was found to 

better estimate pulse duration.  The standard linear model better simulated the human 

drops because it took into account the viscoelastic properties of the heads, but it could not 

model the ATD heads because it could not account for the non-linearity of the ATD 
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heads.  The fluid model worked best because it was capable of incorporating the non-

linearity and viscoelasticity of the human head.  Overall, the nonlinear fluid model was 

the most suited model to model head injury, although future work to refine the model is 

necessary.   
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7.8 Appendix 

Table 7-17:  Spring stiffness for the mass-spring model (k) and R
2
 value for the mass-spring fit of the 

adult heads A01M, A02M and A04M.  Also, the standard linear model (SLM) spring stiffness (k2), 

quasi-static stiffness (k1) and damper (c) values for the SLM fits.   

Specimen Drop Location 

Drop 
Height 
(cm) 

Mass Spring-
Stiffness (k) 

[N/m] 
MS 
R2 

SLM 
Damping (c) 

[kg/sec] 

SLM spring 
stiffness (k2) 

[N/m] 

Quasi-static 
Stiffness (k1) 

[N/m] 
SLM 
R2 

A01M Vertex 15.0 2.595E+06 0.81 4373.30 5.046E+06 4.59E+05 0.97 

A01M Occiput 15.5 1.788E+06 0.78 3486.20 3.392E+06 4.59E+05 0.98 

A01M Forehead 14.7 2.479E+06 0.81 4151.54 4.747E+06 4.59E+05 0.98 

A01M Left Parietal 14.8 1.853E+06 0.72 2617.88 4.324E+06 4.59E+05 0.95 

A01M Vertex 30.0 3.691E+06 0.85 5817.94 6.338E+06 4.59E+05 0.98 

A01M Occiput 29.8 2.002E+06 0.79 3626.36 3.818E+06 4.59E+05 0.98 

A01M Forehead 30.0 2.852E+06 0.81 4644.92 5.171E+06 4.59E+05 0.99 

A01M Right Parietal 29.6 1.971E+06 0.76 3506.74 4.281E+06 4.59E+05 0.98 

A01M Left Parietal 30.5 1.610E+06 0.71 2696.68 3.959E+06 4.59E+05 0.97 

A02M Vertex 15.5 2.986E+06 0.84 4831.28 4.815E+06 4.56E+05 0.99 

A02M Occiput 15.5 1.561E+06 0.76 3012.97 2.861E+06 4.56E+05 0.97 

A02M Forehead 14.7 2.292E+06 0.82 3564.32 3.634E+06 4.56E+05 0.99 

A02M Right Parietal 15.3 2.243E+06 0.74 3052.89 4.885E+06 4.56E+05 0.98 

A02M Left Parietal 14.8 1.941E+06 0.70 2388.71 4.356E+06 4.56E+05 0.94 

A02M Vertex 30.0 3.117E+06 0.82 4859.68 5.786E+06 4.56E+05 0.99 

A02M Occiput 29.8 2.509E+06 0.84 4458.22 3.961E+06 4.56E+05 0.99 

A02M Forehead 30.0 2.251E+06 0.83 3900.58 3.541E+06 4.56E+05 0.99 

A02M Right Parietal 29.6 2.112E+06 0.74 2817.34 4.387E+06 4.56E+05 0.98 

A02M Left Parietal 30.5 1.548E+06 0.63 2230.25 6.877E+06 4.56E+05 0.93 

A04M Vertex 14.8 2.830E+06 0.80 4532.02 5.986E+06 3.96E+05 0.97 

A04M Occiput 15.4 1.920E+06 0.76 3453.27 4.914E+06 3.96E+05 0.97 

A04M Forehead 14.7 1.130E+06 0.68 1996.86 3.671E+06 3.96E+05 0.96 

A04M Right Parietal 15.3 1.280E+06 0.69 2493.11 3.699E+06 3.96E+05 0.94 

A04M Vertex 29.6 2.760E+06 0.78 4517.29 7.032E+06 3.96E+05 0.97 

A04M Occiput 29.6 2.210E+06 0.76 3818.56 5.756E+06 3.96E+05 0.97 

A04M Forehead 30.3 1.130E+06 0.67 2486.25 3.581E+06 3.96E+05 0.94 

A04M Right Parietal 30.3 1.230E+06 0.65 2442.90 4.807E+06 3.96E+05 0.93 

A04M Left Parietal 29.7 1.040E+06 0.67 1857.55 2.882E+06 3.96E+05 0.92 
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Table 7-18:  Spring stiffness for the mass-spring model (k) and R
2
 value for the mass-spring fit of 

adult data.  Also, the standard linear model (SLM) spring stiffness (k2), quasi-static stiffnesss (k1) 

and damper (c) values for the SLM fits.   

Specimen Drop Location 

Drop 
Height 
(cm) 

Mass Spring-
Stiffness (k) 

[N/m] 
MS 
R2 

SLM 
Damping (c) 

[kg/sec]  

SLM spring 
stiffness (k2) 

[N/m] 

Quasi-static 
Stiffness (k1) 

[N/m] 
SLM 
R2 

A05M Vertex 15.3 1.890E+06 0.70 3016.97 5.391E+06 7.28E+05 0.96 

A05M Forehead 14.9 1.648E+06 0.67 2122.34 4.064E+06 7.28E+05 0.90 

A05M Right Parietal 14.8 1.742E+06 0.61 2154.15 5.966E+06 7.28E+05 0.80 

A05M Left Parietal 15.3 1.654E+06 0.64 2064.25 5.186E+06 7.28E+05 0.87 

A05M Vertex 30.0 1.889E+06 0.67 3052.85 6.699E+06 7.28E+05 0.96 

A05M Forehead 30.3 1.765E+06 0.66 2894.37 5.769E+06 7.28E+05 0.93 

A05M Right Parietal 30.3 1.750E+06 0.64 2250.71 7.843E+06 7.28E+05 0.90 

A05M Left Parietal 29.7 1.677E+06 0.66 2139.32 4.220E+06 7.28E+05 0.88 

A06M Vertex 14.9 2.503E+06 0.76 4455.48 5.837E+06 2.39E+05 0.97 

A06M Forehead 14.8 2.000E+06 0.76 3768.26 4.325E+06 2.39E+05 0.98 

A06M Right Parietal 14.6 1.895E+06 0.71 3061.68 4.376E+06 2.39E+05 0.96 

A06M Left Parietal 15.1 1.806E+06 0.72 3647.07 4.463E+06 2.39E+05 0.97 

A06M Vertex 30.0 2.691E+06 0.75 4437.80 7.349E+06 2.39E+05 0.99 

A06M Forehead 29.9 2.295E+06 0.76 3996.59 5.349E+06 2.39E+05 0.98 

A06M Right Parietal 30.2 1.524E+06 0.70 3069.01 4.105E+06 2.39E+05 0.98 

A06M Left Parietal 29.6 1.764E+06 0.68 3315.46 8.813E+06 2.39E+05 0.95 

A07M Vertex 14.9 3.44E+06 0.81 5378.85 7.502E+06 2.75E+05 0.98 

A07M Occiput 15.0 2.10E+06 0.77 4007.75 5.606E+06 2.77E+05 0.97 

A07M Forehead 15.2 2.84E+06 0.78 4000.00 5.812E+06 2.77E+05 0.96 

A07M Right Parietal 14.8 2.53E+06 0.73 4013.38 7.967E+06 2.73E+05 0.95 

A07M Left Parietal 15.3 8.55E+05 0.68 1764.15 2.233E+06 2.73E+05 0.94 

A07M Vertex 29.9 3.92E+06 0.79 5656.22 1.055E+07 2.75E+05 0.98 

A07M Occiput 30.2 3.62E+06 0.82 5645.42 8.409E+06 2.77E+05 0.99 

A07M Forehead 29.6 3.44E+06 0.78 5228.80 9.279E+06 2.77E+05 0.97 

A07M Right Parietal 29.9 1.50E+06 0.74 2704.25 4.592E+06 2.73E+05 0.97 

A07M Left Parietal 30.0 2.51E+06 0.73 3896.11 8.325E+06 2.73E+05 0.97 
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Table 7-19:  Coefficients (A, B and c) for the non-linear fluid model fits of the adult heads A01M, 

A04M, A05M and A06M (Equation 7-20).   

Specimen Drop Location Drop Height (cm) A (N) B (1/m) c  (kg/sec) 

A01M Vertex 15.0 8.93 2390.4 6041.8 

A01M Occiput 15.5 16.63 1901.2 5209.0 

A01M Forehead 14.7 16.67 2240.4 5966.8 

A01M Left Parietal 14.8 5.21 2736.1 3663.7 

A01M Vertex 30.0 41.81 1786.5 7415.7 

A01M Occiput 29.8 10.72 1418.1 5466.3 

A01M Forehead 30.0 11.71 1738.1 5934.1 

A01M Left Parietal 30.5 10.03 1742.8 3728.6 

A04M Vertex 14.8 3.96 2895.4 5736.2 

A04M Occiput 15.4 1.19 2632.5 4527.6 

A04M Forehead 14.7 5.59 2621.9 2691.5 

A04M Right Parietal 15.3 4.35 2829.4 3133.3 

A04M Vertex 29.6 5.57 2310.5 5287.7 

A04M Occiput 29.6 3.04 2134.1 4579.8 

A04M Forehead 30.3 0.64 1896.2 3368.5 

A04M Right Parietal 30.3 0.84 2822.7 2687.9 

A05M Vertex 15.3 3.85 2866.8 4437.9 

A05M Forehead 14.9 7.28 2822.9 2838.1 

A05M Right Parietal 14.8 54.34 2604.0 1790.9 

A05M Left Parietal 15.3 6.30 3417.2 2420.1 

A05M Vertex 30.0 4.76 2461.1 4013.7 

A05M Forehead 30.3 3.22 2398.6 3686.6 

A05M Right Parietal 30.3 4.23 3264.9 2502.6 

A05M Left Parietal 29.7 5.32 2185.5 2779.9 

A06M Vertex 14.9 3.93 2942.8 5067.9 

A06M Forehead 14.8 21.37 2292.0 4492.2 

A06M Right Parietal 14.6 7.77 2994.0 3434.0 

A06M Left Parietal 15.1 3.07 2581.4 4335.7 

A06M Vertex 30.0 16.39 2358.8 4982.4 

A06M Forehead 29.9 24.23 1916.3 4545.1 

A06M Right Parietal 30.2 6.87 1710.3 3799.2 

A06M Left Parietal 29.6 6.14 2355.0 4475.2 
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Table 7-20:  Coefficients (A, B and c) for the non-linear fluid model fits of the adult heads A07M 

(Equation 7-20).   

Specimen Drop Location 

Drop 
Height 
(cm) A (N) B (1/m) c  (kg/sec) 

A07M Vertex 14.9 27.25 3132.9 6137.5 

A07M Occiput 15.0 4.50 2919.9 4776.0 

A07M Forehead 15.2 27.44 3063.6 4410.4 

A07M Right Parietal 14.8 4.72 4326.4 4110.2 

A07M Left Parietal 15.3 4.03 1952.5 2427.0 

A07M Vertex 29.9 21.26 2933.0 6209.2 

A07M Occiput 30.2 10.11 2246.0 6409.6 

A07M Forehead 29.6 14.47 2733.2 5672.8 

A07M Right Parietal 29.9 15.73 1931.8 3376.8 

A07M Left Parietal 30.0 4.62 3550.0 4067.6 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

380 

Table 7-21:  Model predictions of HIC, pulse duration and peak acceleration made for A01M.  The 

predictions of the mass-spring, standard linear and non-linear fluid models are shown.  

Specimen Drop Location 

Drop 
Height 
(cm) Model 

Prediction 
R2 

Model Pulse 
Duration (ms) 

Model Peak 
Accel (g) Model HIC 

A01M Vertex 15.0 Mass-Spring 0.83 2.89 189 592 

A01M Occiput 15.5 Mass-Spring 0.80 3.93 142 390 

A01M Forehead 14.7 Mass-Spring 0.83 3.29 164 475 

A01M Left Parietal 14.8 Mass-Spring 0.68 4.39 124 312 

A01M Vertex 30.0 Mass-Spring 0.78 3.45 224 1080 

A01M Occiput 29.8 Mass-Spring 0.77 4.16 185 810 

A01M Forehead 30.0 Mass-Spring 0.79 3.53 219 1044 

A01M Left Parietal 30.5 Mass-Spring 0.73 4.09 191 857 

A01M Vertex 15.0 Standard Linear 0.95 2.31 165 321 

A01M Occiput 15.5 Standard Linear 0.97 3.06 127 214 

A01M Forehead 14.7 Standard Linear 0.98 2.6 144 252 

A01M Left Parietal 14.8 Standard Linear 0.95 3.43 110 155 

A01M Vertex 30.0 Standard Linear 0.95 2.66 200 583 

A01M Occiput 29.8 Standard Linear 0.98 3.2 170 469 

A01M Forehead 30.0 Standard Linear 0.98 2.75 194 555 

A01M Left Parietal 30.5 Standard Linear 0.96 3.47 158 370 

A01M Vertex 15.0 Non-linear fluid 0.96 5.17 151 249 

A01M Occiput 15.5 Non-linear fluid 0.94 8.04 117 170 

A01M Forehead 14.7 Non-linear fluid 0.95 6.91 131 190 

A01M Left Parietal 14.8 Non-linear fluid 0.93 8.34 103 120 

A01M Vertex 30.0 Non-linear fluid 0.91 5.23 256 637 

A01M Occiput 29.8 Non-linear fluid 0.92 5.72 213 493 

A01M Forehead 30.0 Non-linear fluid 0.90 4.96 248 616 

A01M Left Parietal 30.5 Non-linear fluid 0.85 7.32 194 356 
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Table 7-22:  Model predictions of HIC, pulse duration and peak acceleration made for A02M.  The 

predictions of the mass-spring and standard linear are shown. 

Specimen Drop Location 

Drop 
Height 
(cm) Model 

Prediction 
R2 

Model Pulse 
Duration (ms) 

Model Peak 
Acc (g) Model HIC 

A02M Vertex 15.5 Mass-Spring 0.84 3.2 174 529 

A02M Occiput 15.5 Mass-Spring 0.80 3.57 156 450 

A02M Forehead 14.7 Mass-Spring 0.81 3.77 144 388 

A02M Right Parietal 15.3 Mass-Spring 0.73 3.89 142 389 

A02M Left Parietal 14.8 Mass-Spring 0.63 4.55 120 296 

A02M Vertex 30.0 Mass-Spring 0.81 3.27 236 1170 

A02M Occiput 29.8 Mass-Spring 0.64 4.53 170 714 

A02M Forehead 30.0 Mass-Spring 0.83 3.74 207 959 

A02M Right Parietal 29.6 Mass-Spring 0.75 3.78 203 928 

A02M Left Parietal 30.5 Mass-Spring 0.67 4.06 192 865 

A02M Vertex 15.5 Standard Linear 0.99 2.53 150 271 

A02M Occiput 15.5 Standard Linear 0.93 2.94 135 244 

A02M Forehead 14.7 Standard Linear 0.99 3.14 122 204 

A02M Right Parietal 15.3 Standard Linear 0.97 3.4 113 160 

A02M Left Parietal 14.8 Standard Linear 0.53 4.55 102 115 

A02M Vertex 30.0 Standard Linear 0.98 2.7 201 606 

A02M Occiput 29.8 Standard Linear 0.91 3.57 153 401 

A02M Forehead 30.0 Standard Linear 0.99 3.19 170 462 

A02M Right Parietal 29.6 Standard Linear 0.97 3.19 165 392 

A02M Left Parietal 30.5 Standard Linear 0.87 3.85 147 324 
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Table 7-23:  Model predictions of HIC, pulse duration and peak acceleration made for A04M.  The 

predictions of the mass-spring, standard linear and non-linear fluid models are shown.  

Specimen 
Drop 

Location 

Drop 
Height 
(cm) Model 

Prediction 
R2 

Model Pulse 
Duration 

(ms) 

Model 
Peak 

Accel (g) Model HIC 

A04M Vertex 14.8 Mass-Spring 0.80 3.37 161 463 

A04M Occiput 15.4 Mass-Spring 0.78 3.77 147 411 

A04M Forehead 14.7 Mass-Spring 0.68 5.29 102 234 

A04M Right Parietal 15.3 Mass-Spring 0.68 5.06 109 263 

A04M Vertex 29.6 Mass-Spring 0.78 3.33 231 1121 

A04M Occiput 29.6 Mass-Spring 0.73 4.05 190 836 

A04M Forehead 30.3 Mass-Spring 0.67 5.29 147 579 

A04M Right Parietal 30.3 Mass-Spring 0.66 4.97 157 635 

A04M Vertex 14.8 Fluid Model 0.93 6.85 140 193 

A04M Occiput 15.4 Non-linear fluid 0.95 8.13 128 169 

A04M Forehead 14.7 Non-linear fluid 0.96 11.74 99 106 

A04M Right Parietal 15.3 Non-linear fluid 0.87 11.59 99 92 

A04M Vertex 29.6 Non-linear fluid 0.88 5.61 260 608 

A04M Occiput 29.6 Non-linear fluid 0.89 7.65 215 439 

A04M Forehead 30.3 Non-linear fluid 0.85 9.31 150 224 

A04M Right Parietal 30.3 Non-linear fluid 0.87 8.46 171 280 

A04M Vertex 14.8 Standard Linear 0.97 2.42 149 241 

A04M Occiput 15.4 Standard Linear 0.96 2.73 135 212 

A04M Forehead 14.7 Standard Linear 0.95 3.74 101 134 

A04M Right Parietal 15.3 Standard Linear 0.93 3.83 106 134 

A04M Vertex 29.6 Standard Linear 0.96 2.54 204 569 

A04M Occiput 29.6 Standard Linear 0.96 2.97 174 434 

A04M Forehead 30.3 Standard Linear 0.90 4.46 131 268 

A04M Right Parietal 30.3 Standard Linear 0.92 3.72 146 330 
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Table 7-24:  Model predictions of HIC, pulse duration and peak acceleration made for A05M.  The 

predictions of the mass-spring, standard linear and non-linear fluid models are shown. 

Specimen Drop Location 

Drop 
Height 
(cm) Model Prediction R2 

Model Pulse 
Duration 

(ms) 
Model Peak 

Accel (g) Model HIC 

A05M Vertex 15.3 Mass-Spring 0.70 4 138 374 

A05M Forehead 14.9 Mass-Spring 0.68 4.14 132 344 

A05M Right Parietal 14.8 Mass-Spring 0.61 4.15 131 339 

A05M Left Parietal 15.3 Mass-Spring 0.64 4.24 130 342 

A05M Vertex 30.0 Mass-Spring 0.67 4 194 869 

A05M Forehead 30.3 Mass-Spring 0.64 4.28 182 794 

A05M Right Parietal 30.3 Mass-Spring 0.64 4.16 187 827 

A05M Left Parietal 29.7 Mass-Spring 0.66 4.27 180 776 

A05M Vertex 15.3 Standard Linear 0.96 2.85 138 212 

A05M Forehead 14.9 Standard Linear 0.88 2.96 131 199 

A05M Right Parietal 14.8 Standard Linear 0.50 3.81 117 150 

A05M Left Parietal 15.3 Standard Linear 0.87 3.62 113 168 

A05M Vertex 30.0 Standard Linear 0.95 2.9 188 495 

A05M Forehead 30.3 Standard Linear 0.85 3.63 159 396 

A05M Right Parietal 30.3 Standard Linear 0.89 3.75 162 372 

A05M Left Parietal 29.7 Standard Linear 0.48 3.79 156 360 

A05M Vertex 15.3 Non-linear fluid 0.94 7.52 128 158 

A05M Forehead 14.9 Non-linear fluid 0.90 8.38 118 137 

A05M Right Parietal 14.8 Non-linear fluid 0.81 9.57 99 86 

A05M Left Parietal 15.3 Non-linear fluid 0.88 9.5 97 97 

A05M Vertex 30.0 Non-linear fluid 0.90 6.45 227 468 

A05M Forehead 30.3 Non-linear fluid 0.76 8.22 164 258 

A05M Right Parietal 30.3 Non-linear fluid 0.70 8.8 113 134 

A05M Left Parietal 29.7 Non-linear fluid 0.70 9.28 149 203 
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Table 7-25:  Model predictions of HIC, pulse duration and peak acceleration made for A06M.  The 

predictions of the mass-spring, standard linear and non-linear fluid models are shown. 

Specimen Drop Location 

Drop 
Height 
(cm) Model 

Prediction 
R2 

Model Pulse 
Duration 

(ms) 

Model 
Peak 

Accel (g) Model HIC 

A06M Vertex 14.9 Mass-Spring 0.77 3.52 155 437 

A06M Forehead 14.8 Mass-Spring 0.78 3.81 143 385 

A06M Right Parietal 14.6 Mass-Spring 0.65 4.68 115 278 

A06M Left Parietal 15.1 Mass-Spring 0.72 4.35 126 324 

A06M Vertex 30.0 Mass-Spring 0.74 3.65 212 993 

A06M Forehead 29.9 Mass-Spring 0.72 4.09 189 836 

A06M Right Parietal 30.2 Mass-Spring 0.73 4.2 185 813 

A06M Left Parietal 29.6 Mass-Spring 0.68 4.3 179 765 

A06M Vertex 14.9 Standard Linear 0.97 2.54 138 206 

A06M Forehead 14.8 Standard Linear 0.97 2.9 123 178 

A06M Right Parietal 14.6 Standard Linear 0.96 3.5 102 131 

A06M Left Parietal 15.1 Standard Linear 0.90 3.36 123 148 

A06M Vertex 30.0 Standard Linear 0.97 2.71 187 485 

A06M Forehead 29.9 Standard Linear 0.97 3.15 163 397 

A06M Right Parietal 30.2 Standard Linear 0.98 3.47 149 324 

A06M Left Parietal 29.6 Standard Linear 0.89 3.16 161 380 

A06M Vertex 14.9 Non-linear fluid 0.93 6.18 133 173 

A06M Forehead 14.8 Non-linear fluid 0.94 6.67 116 144 

A06M Right Parietal 14.6 Non-linear fluid 0.89 9.23 98 109 

A06M Left Parietal 15.1 Non-linear fluid 0.94 7.49 126 155 

A06M Vertex 30.0 Non-linear fluid 0.90 6.33 233 490 

A06M Forehead 29.9 Non-linear fluid 0.90 5.85 199 399 

A06M Right Parietal 30.2 Non-linear fluid 0.83 7.65 177 293 

A06M Left Parietal 29.6 Non-linear fluid 0.98 7.51 199 383 
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Table 7-26:  Model predictions of HIC, pulse duration and peak acceleration made for A07M.  The 

predictions of the mass-spring, standard linear and non-linear fluid models are shown.  The models 

from the 15cm drops were used to predict the 30cm drops and the models from the 30cm drops were 

used to predict the 15cm drops.   

Specimen Drop Location 

Drop 
Height 
(cm) Model 

Prediction 
R2 

Model Pulse 
Duration 

(ms) 
Model Peak 

Accel (g) Model HIC 

A07M Vertex 14.9 Mass-Spring 0.83 2.93 186 575 

A07M Occiput 15.0 Mass-Spring 0.81 3.05 179 546 

A07M Forehead 15.2 Mass-Spring 0.79 3.13 176 534 

A07M Right Parietal 14.8 Mass-Spring 0.59 4.75 115 278 

A07M Left Parietal 15.3 Mass-Spring 0.71 3.67 151 425 

A07M Vertex 29.9 Mass-Spring 0.77 3.13 246 1244 

A07M Occiput 30.2 Mass-Spring 0.72 4.01 194 870 

A07M Forehead 29.6 Mass-Spring 0.75 3.45 223 1065 

A07M Right Parietal 29.9 Mass-Spring 0.76 3.65 212 990 

A07M Left Parietal 30.0 Mass-Spring 0.38 6.3 123 440 

A07M Vertex 14.9 Standard Linear 0.96 2.09 168 278 

A07M Occiput 15.0 Standard Linear 0.93 2.24 160 272 

A07M Forehead 15.2 Standard Linear 0.93 2.24 159 258 

A07M Right Parietal 14.8 Standard Linear 0.83 3.84 99 117 

A07M Left Parietal 15.3 Standard Linear 0.75 2.73 134 184 

A07M Vertex 29.9 Standard Linear 0.95 2.37 215 604 

A07M Occiput 30.2 Standard Linear 0.92 2.87 178 440 

A07M Forehead 29.6 Standard Linear 0.90 2.85 177 429 

A07M Right Parietal 29.9 Standard Linear 0.90 2.68 189 441 

A07M Left Parietal 30.0 Standard Linear 0.54 5.38 105 198 

A07M Vertex 14.9 Non-linear fluid 0.94 4.87 165 237 

A07M Occiput 15.0 Non-linear fluid 0.95 6.15 150 221 

A07M Forehead 15.2 Non-linear fluid 0.90 5.56 154 214 

A07M Right Parietal 14.8 Non-linear fluid 0.63 8.24 96 100 

A07M Left Parietal 15.3 Non-linear fluid 0.77 7.23 136 152 

A07M Vertex 29.9 Non-linear fluid 0.90 4.23 269 627 

A07M Occiput 30.2 Non-linear fluid 0.86 6.56 223 450 

A07M Forehead 29.6 Non-linear fluid 0.80 5.32 211 398 

A07M Right Parietal 29.9 Non-linear fluid 0.82 6.79 218 378 

A07M Left Parietal 30.0 Non-linear fluid 0.47 11.72 121 168 
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Table 7-27:  Spring stiffness for the mass-spring model (k) and R
2
 value for the mass-spring fit of the 

pediatric heads P03M, P05F and P06M.  Also, the standard linear model (SLM) spring stiffness (k2), 

quasi-static stiffness (k1) and damper (c) values for the SLM fits.   

Specimen Drop Location 

Drop 
Height 
(cm) 

Mass 
Spring-

Stiffness 
(k) [N/m] 

MS 
R2 

SLM 
Damping 

(c) [kg/sec] 

SLM 
spring 

stiffness 
(k2) [N/m] 

Quasi-static Stiffness 
(k1) [N/m] SLM R2 

P03M Vertex 15.9 3.788E+04 0.83 275.91 7.405E+04 7.700E+03 0.92 

P03M Occiput 16.2 2.556E+04 0.88 217.66 2.846E+04 5.600E+03 0.96 

P03M Forehead 15.2 3.604E+04 0.87 239.48 5.754E+04 5.600E+03 0.97 

P03M Right Parietal 15.9 2.912E+04 0.89 173.64 3.068E+04 9.800E+03 0.97 

P03M Left Parietal 15.9 2.556E+04 0.83 116.13 3.311E+04 9.800E+03 0.98 

P03M Vertex 30.8 7.095E+04 0.85 344.86 1.317E+05 7.700E+03 0.93 

P03M Occiput 30.5 3.028E+04 0.84 216.61 4.080E+04 5.600E+03 0.92 

P03M Forehead 30.5 5.458E+04 0.91 363.17 6.859E+04 5.600E+03 0.98 

P03M Right Parietal 29.8 4.211E+04 0.87 226.89 6.693E+04 9.800E+03 0.96 

P03M Left Parietal 30.5 3.120E+04 0.87 167.63 3.371E+04 9.800E+03 0.96 

P05F Vertex 14.6 2.608E+04 0.83 187.40 5.502E+04 8.250E+03 0.93 

P05F Occiput 14.0 2.306E+04 0.82 141.22 3.655E+04 9.700E+03 0.94 

P05F Forehead 15.2 2.809E+04 0.75 93.03 4.941E+04 9.700E+03 0.97 

P05F Right Parietal 15.6 3.877E+04 0.79 135.89 6.221E+04 6.800E+03 0.98 

P05F Left Parietal 15.9 3.232E+04 0.80 165.59 4.183E+04 6.800E+03 0.95 

P05F Vertex 30.5 2.875E+04 0.79 192.14 7.855E+04 8.250E+03 0.94 

P05F Occiput 29.2 3.409E+04 0.82 185.65 5.452E+04 9.700E+03 0.95 

P05F Forehead 31.1 3.165E+04 0.71 105.12 6.707E+04 9.700E+03 0.95 

P05F Right Parietal 29.2 5.034E+04 0.81 208.75 6.317E+04 6.800E+03 0.98 

P05F Left Parietal 29.8 4.795E+04 0.79 193.51 6.066E+04 6.800E+03 0.98 

P06M Vertex 14.6 2.468E+04 0.78 232.72 5.560E+04 6.350E+03 0.88 

P06M Occiput 15.2 2.244E+04 0.86 200.98 2.969E+04 5.500E+03 0.95 

P06M Forehead 14.6 2.228E+04 0.84 135.73 2.388E+04 5.500E+03 0.97 

P06M Right Parietal 15.2 2.240E+04 0.75 154.97 3.141E+04 7.200E+03 0.87 

P06M Left Parietal 14.1 2.840E+04 0.83 176.69 3.084E+04 7.200E+03 0.92 

P06M Vertex 30.5 3.685E+04 0.77 300.74 1.102E+05 6.350E+03 0.90 

P06M Occiput 30.5 2.995E+04 0.85 254.40 4.730E+04 5.500E+03 0.96 

P06M Forehead 29.2 2.327E+04 0.78 146.92 2.279E+04 5.500E+03 0.87 

P06M Right Parietal 30.3 3.388E+04 0.79 182.51 2.658E+04 7.200E+03 0.92 

P06M Left Parietal 29.7 3.473E+04 0.82 189.20 4.254E+04 7.200E+03 0.97 
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Table 7-28:  Spring stiffness for the mass-spring model (k) and R
2
 value for the mass-spring fit of the 

pediatric heads P07M, P08M and P12M.  Also, the standard linear model (SLM) spring stiffness (k2), 

quasi-static stiffnesss (k1) and damper (c) values for the SLM fits.   

Specimen 
Drop 

Location 

Drop 
Height 
(cm) 

Mass Spring-
Stiffness (k) 

[N/m] MS R2 

SLM 
Damping (c) 

[kg/sec] 

SLM spring 
stiffness (k2) 

[N/m] 
Quasi-static 
Stiffness (k1) SLM R2 

P07M Vertex 15.0 2.420E+04 0.80 125.23 4.875E+04 1.160E+04 0.91 

P07M Occiput 15.0 3.177E+04 0.80 87.32 2.921E+04 1.210E+04 0.86 

P07M Forehead 15.0 4.792E+04 0.85 198.01 8.821E+04 1.210E+04 0.97 

P07M Right Parietal 15.0 4.160E+04 0.82 111.24 3.871E+04 1.120E+04 0.94 

P07M Left Parietal 15.0 4.219E+04 0.72 92.66 7.325E+04 1.120E+04 0.96 

P07M Vertex 30.0 4.250E+04 0.84 210.48 9.664E+04 1.160E+04 0.95 

P07M Occiput 30.0 3.396E+04 0.75 71.53 5.159E+04 1.210E+04 0.93 

P07M Forehead 30.0 6.743E+04 0.88 272.98 1.116E+05 1.210E+04 0.98 

P07M Right Parietal 30.0 6.266E+04 0.84 176.37 7.225E+04 1.120E+04 0.97 

P07M Left Parietal 30.0 6.186E+04 0.84 188.35 6.643E+04 1.120E+04 0.95 

P08M Vertex 15.2 2.406E+04 0.78 209.32 6.004E+04 6.210E+03 0.92 

P08M Occiput 15.0 1.845E+04 0.79 132.08 1.902E+04 4.380E+03 0.92 

P08M Forehead 15.3 2.458E+04 0.78 147.29 3.511E+04 4.380E+03 0.93 

P08M Right Parietal 15.1 3.353E+04 0.75 113.69 3.269E+04 8.040E+03 0.91 

P08M Left Parietal 14.8 2.639E+04 0.74 89.05 2.795E+04 8.040E+03 0.93 

P08M Vertex 29.9 3.148E+04 0.80 199.22 5.457E+04 6.210E+03 0.91 

P08M Occiput 30.4 2.594E+04 0.79 163.02 2.493E+04 4.380E+03 0.88 

P08M Forehead 30.2 4.301E+04 0.76 166.27 6.045E+04 4.380E+03 0.99 

P08M Right Parietal 30.2 3.360E+04 0.69 101.97 7.107E+04 8.040E+03 0.86 

P08M Left Parietal 30.3 4.930E+04 0.81 211.95 8.024E+04 8.040E+03 0.93 

P12M Vertex 15.4 7.517E+04 0.84 280.88 1.075E+05 3.920E+04 0.95 

P12M Occiput 14.7 8.009E+04 0.87 281.96 1.041E+05 3.693E+04 0.97 

P12M Forehead 15.3 9.957E+04 0.85 292.75 1.220E+05 3.693E+04 0.97 

P12M Left Parietal 14.8 1.432E+05 0.74 273.95 2.557E+05 4.152E+04 0.98 

P12M Vertex 30.2 1.068E+05 0.85 374.25 1.769E+05 3.920E+04 0.96 

P12M Occiput 29.7 1.265E+05 0.85 471.74 2.039E+05 3.690E+04 0.95 

P12M Forehead 30.2 9.820E+04 0.80 235.30 1.539E+05 3.690E+04 0.98 

P12M Right Parietal 29.8 1.505E+05 0.84 416.54 2.397E+05 4.152E+04 0.97 

P12M Left Parietal 29.9 1.113E+05 0.81 270.66 1.669E+05 4.152E+04 0.96 
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Table 7-29:  Spring stiffness for the mass-spring model (k) and R
2
 value for the mass-spring fit of the 

pediatric heads P13F, P14M and P15F.  Also, the standard linear model (SLM) spring stiffness (k2), 

quasi-static stiffnesss (k1) and damper (c) values for the SLM fits.   

Specimen 
Drop 

Location 

Drop 
Height 
(cm) 

Mass 
Spring-

Stiffness (k) 
[N/m] MS R2 

SLM 
Damping 

(c) 
[kg/sec] 

SLM spring 
stiffness (k2) 

[N/m] 

Quasi-static 
Stiffness (k1) 

[N/m] SLM R2 

P13F Vertex 15.5 4.097E+04 0.85 248.22 7.853E+04 9.320E+03 0.95 

P13F Occiput 14.7 3.538E+04 0.85 145.06 4.597E+04 9.400E+03 0.98 

P13F Forehead 15.0 5.638E+04 0.85 197.40 6.443E+04 9.400E+03 0.98 

P13F Right Parietal 15.3 3.744E+04 0.80 120.57 2.740E+04 9.230E+03 0.90 

P13F Left Parietal 15.1 5.133E+04 0.82 168.90 7.629E+04 9.230E+03 0.97 

P13F Vertex 30.1 4.028E+04 0.83 212.54 8.086E+04 9.320E+03 0.94 

P13F Occiput 29.9 5.913E+04 0.83 185.33 7.045E+04 9.400E+03 0.99 

P13F Forehead 30.0 5.455E+04 0.82 164.65 6.286E+04 9.400E+03 0.98 

P13F Right Parietal 30.0 4.062E+04 0.66 97.36 9.718E+04 9.230E+03 0.97 

P13F Left Parietal 30.4 4.506E+04 0.66 102.83 1.017E+05 9.230E+03 0.94 

P14M Vertex 15.2 7.437E+04 0.84 342.42 9.125E+04 3.828E+04 0.94 

P14M Occiput 15.0 8.026E+04 0.83 411.91 1.229E+05 3.938E+04 0.96 

P14M Forehead 15.0 1.017E+05 0.88 474.30 6.591E+04 3.938E+04 0.94 

P14M Right Parietal 15.0 8.622E+04 0.79 287.28 8.029E+04 3.718E+04 0.90 

P14M Left Parietal 14.6 9.088E+04 0.84 357.57 7.748E+04 3.718E+04 0.92 

P14M Vertex 30.3 1.661E+05 0.87 534.55 2.010E+05 3.828E+04 0.90 

P14M Occiput 30.3 1.482E+05 0.86 536.55 2.441E+05 3.938E+04 0.94 

P14M Forehead 30.0 1.256E+05 0.88 536.55 1.237E+05 3.938E+04 0.96 

P14M Right Parietal 30.4 1.455E+05 0.74 383.38 2.612E+05 3.718E+04 0.91 

P14M Left Parietal 30.0 1.132E+05 0.85 465.57 8.563E+04 3.718E+04 0.94 

P15F Vertex 14.6 1.037E+05 0.82 171.24 4.875E+05 8.809E+04 0.94 

P15F Occiput 14.6 2.490E+05 0.88 536.47 4.168E+05 1.109E+05 0.97 

P15F Forehead 15.1 4.046E+05 0.84 536.55 6.104E+05 1.109E+05 0.90 

P15F Right Parietal 14.9 1.319E+05 0.91 505.35 1.237E+05 6.526E+04 0.98 

P15F Left Parietal 14.9 2.743E+05 0.88 536.55 3.963E+05 6.526E+04 0.97 

P15F Vertex 29.8 1.128E+05 0.89 227.32 1.113E+05 8.809E+04 0.96 

P15F Occiput 30.0 3.027E+05 0.86 536.55 5.669E+05 1.109E+05 0.95 

P15F Forehead 29.7 3.581E+05 0.76 521.15 4.373E+05 1.109E+05 0.86 

P15F Left Parietal 30.0 2.054E+05 0.87 506.03 2.734E+05 6.526E+04 0.99 
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Table 7-30:  Spring stiffness for the mass-spring model (k) and R
2
 value for the mass-spring fit of the 

pediatric heads P17F, P18M and P21F.  Also, the standard linear model (SLM) spring stiffness (k2), 

quasi-static stiffnesss (k1) and damper (c) values for the SLM fits.   

Specimen Drop Location 

Drop 
Height 
(cm) 

Mass 
Spring-

Stiffness 
(k) [N/m] MS R2 

SLM 
Damping 

(c) 
[kg/sec] 

SLM spring 
stiffness (k2) 

[N/m] 

Quasi-static 
Stiffness (k1) 

[N/m] SLM R2 

P17F Occiput 14.7 1.238E+05 0.89 138.79 5.120E+05 1.232E+05 0.97 

P17F Forehead 14.9 5.120E+05 0.77 508.81 6.104E+05 5.120E+05 0.89 

P18M Vertex 15.2 1.171E+06 0.87 2389.09 1.414E+06 1.984E+05 0.99 

P18M Occiput 14.8 8.666E+05 0.83 1984.66 1.355E+06 1.984E+05 0.99 

P18M Forehead 15.1 1.229E+06 0.83 1899.76 1.708E+06 1.984E+05 0.99 

P18M Right Parietal 15.3 1.383E+06 0.78 1835.25 2.000E+06 1.984E+05 0.97 

P18M Left Parietal 14.8 8.708E+05 0.75 1362.84 1.593E+06 1.984E+05 0.97 

P18M Vertex 29.9 1.002E+06 0.85 1862.47 1.184E+06 1.984E+05 1.00 

P18M Occiput 30.2 1.066E+06 0.84 2241.69 1.767E+06 1.984E+05 0.99 

P18M Forehead 30.2 1.341E+06 0.87 2470.65 1.566E+06 1.984E+05 1.00 

P18M Right Parietal 30.2 1.459E+06 0.79 1962.13 1.995E+06 1.984E+05 0.98 

P18M Left Parietal 30.0 9.849E+05 0.77 1446.40 1.677E+06 1.984E+05 0.99 

P21F Vertex 15.3 1.845E+06 0.75 3224.50 5.362E+06 2.203E+05 0.97 

P21F Occiput 14.4 1.860E+06 0.79 3885.77 4.724E+06 1.841E+05 0.98 

P21F Forehead 14.9 1.163E+06 0.76 2446.64 2.535E+06 1.841E+05 0.99 

P21F Right Parietal 14.8 1.199E+06 0.71 2111.07 3.177E+06 2.566E+05 0.95 

P21F Left Parietal 14.9 1.472E+06 0.74 2906.51 3.916E+06 2.566E+05 0.96 

P21F Vertex 29.6 1.709E+06 0.72 3322.81 6.022E+06 2.203E+05 0.97 

P21F Occiput 30.0 2.442E+06 0.79 4419.86 6.482E+06 1.841E+05 0.98 

P21F Forehead 30.1 1.122E+06 0.72 2158.11 2.659E+06 1.841E+05 0.97 

P21F Right Parietal 30.4 1.060E+06 0.70 1958.05 2.592E+06 2.566E+05 0.94 

P21F Left Parietal 30.1 1.415E+06 0.72 2647.68 4.162E+06 2.566E+05 0.96 
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Table 7-31: Coefficients (A, B and c) for the non-linear fluid model fits of the adult heads P03M, 

P05F and P06M (Equation 7-20).   

Specimen Drop Location Drop Height (cm) A (N) B (1/m) c  (kg/sec) 

P03M Vertex 15.9 1.61 624.53 676.64 

P03M Occiput 16.2 39.88 305.64 504.16 

P03M Forehead 15.2 29.69 430.33 454.46 

P03M Right Parietal 15.9 151191.54 0.24 385.00 

P03M Left Parietal 15.9 116454.84 0.30 315.89 

P03M Vertex 30.8 1.82 605.84 806.20 

P03M Occiput 30.5 31.01 318.74 416.37 

P03M Forehead 30.5 75737.76 0.62 1028.58 

P03M Right Parietal 29.8 20.28 404.11 421.03 

P03M Left Parietal 30.5 104020.92 0.34 437.69 

P05F Vertex 14.6 1.47 503.61 380.97 

P05F Occiput 14.0 4.54 419.42 357.47 

P05F Forehead 15.2 10.91 437.66 165.12 

P05F Right Parietal 15.6 12.80 527.29 222.16 

P05F Left Parietal 15.9 13.18 423.24 268.14 

P05F Vertex 30.5 2.28 450.63 329.43 

P05F Occiput 29.2 11.99 356.91 342.77 

P05F Forehead 31.1 8.38 481.59 148.19 

P05F Right Parietal 29.2 24.38 390.84 279.35 

P05F Left Parietal 29.8 1180.97 28.56 327.03 

P06M Vertex 14.6 0.77 503.14 563.55 

P06M Occiput 15.2 10.19 312.31 385.47 

P06M Forehead 14.6 32.25 227.42 284.16 

P06M Right Parietal 15.2 6.71 388.60 317.37 

P06M Left Parietal 14.1 20.46 328.78 329.26 

P06M Vertex 30.5 1.21 472.96 650.18 

P06M Occiput 30.5 14.63 277.47 434.55 

P06M Forehead 29.2 46.53 181.23 251.09 

P06M Right Parietal 30.3 51889.15 0.59 293.62 

P06M Left Parietal 29.7 49.66 220.76 305.84 
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Table 7-32:  Coefficients (A, B and c) for the non-linear fluid model fits of the adult heads P07M, 

P08M and P12M (Equation 7-20).   

Specimen Drop Location Drop Height (cm) A (N) B (1/m) c  (kg/sec) 

P07M Vertex 15.0 0.69 601.57 317.49 

P07M Occiput 15.0 2.85 591.23 227.82 

P07M Forehead 15.0 2.09 786.27 327.59 

P07M Right Parietal 15.0 17.47 504.90 218.59 

P07M Left Parietal 15.0 92199.43 0.20 303.97 

P07M Vertex 30.0 1.57 552.43 421.96 

P07M Occiput 30.0 109667.94 0.27 228.22 

P07M Forehead 30.0 6.89 594.71 396.53 

P07M Right Parietal 30.0 25.61 468.83 269.26 

P07M Left Parietal 30.0 18.49 504.51 286.84 

P08M Vertex 15.2 1.13 516.52 391.80 

P08M Occiput 15.0 16.88 250.25 246.84 

P08M Forehead 15.3 8.41 401.11 232.62 

P08M Right Parietal 15.1 91969.99 0.23 272.41 

P08M Left Parietal 14.8 74735.66 0.30 196.50 

P08M Vertex 29.9 6.38 359.80 298.99 

P08M Occiput 30.4 19.74 237.52 262.68 

P08M Forehead 30.2 153964.05 0.20 287.72 

P08M Right Parietal 30.2 490.70 64.01 222.53 

P08M Left Parietal 30.3 6.44 468.67 308.96 

P12M Vertex 15.4 14.63 508.08 800.97 

P12M Occiput 14.7 33.94 429.16 831.82 

P12M Forehead 15.3 44.89 474.12 680.76 

P12M Left Parietal 14.8 590849.59 0.27 452.98 

P12M Vertex 30.2 31.18 422.60 839.98 

P12M Occiput 29.7 22.22 521.67 916.61 

P12M Forehead 30.2 95.95 326.47 547.63 

P12M Left Parietal 29.9 81.60 370.93 642.43 
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Table 7-33:  Coefficients (A, B and c) for the non-linear fluid model fits of the adult heads P13F, 

P14M and P15F (Equation 7-20).   

Specimen Drop Location Drop Height (cm) A (N) B (1/m) c  (kg/sec) 

P13F Vertex 15.5 3.30 618.87 488.28 

P13F Occiput 14.7 7.12 473.04 292.88 

P13F Forehead 15.0 27.93 494.33 315.59 

P13F Right Parietal 15.3 93011.63 0.35 259.49 

P13F Left Parietal 15.1 14.32 607.40 275.63 

P13F Vertex 30.1 4.99 492.72 379.23 

P13F Occiput 29.9 43.78 378.19 321.15 

P13F Forehead 30.0 62.16 307.26 281.94 

P13F Right Parietal 30.0 130022.71 0.22 353.41 

P13F Left Parietal 30.4 1017527.60 0.03 217.20 

P14M Vertex 15.2 39.02 351.25 974.74 

P14M Occiput 15.0 32.17 410.03 1034.12 

P14M Forehead 15.0 95.20 305.86 1118.44 

P14M Right Parietal 15.0 78.19 334.05 661.90 

P14M Left Parietal 14.6 124.26 279.42 903.54 

P14M Vertex 30.3 99.23 372.87 1404.83 

P14M Occiput 30.3 34.32 420.82 1371.90 

P14M Forehead 30.0 214.09 232.78 1211.58 

P14M Right Parietal 30.4 769.59 174.25 672.14 

P14M Left Parietal 30.0 141667.02 0.83 818.69 

P15F Vertex 14.6 55.88 489.48 547.34 

P15F Occiput 14.6 22.70 1160.33 1105.40 

P15F Forehead 15.1 15.56 1926.09 1060.98 

P15F Left Parietal 14.9 262.18 655.48 935.73 

P15F Vertex 29.8 62.70 384.31 843.24 

P15F Occiput 30.0 29.71 1005.62 1071.26 

P15F Forehead 29.7 13.01 2171.61 814.16 

P15F Left Parietal 30.0 190243.86 1.43 792.14 
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Table 7-34:  Coefficients (A, B and c) for the non-linear fluid model fits of the adult heads P18M and 

P21F (Equation 7-20).   

Specimen Drop Location Drop Height (cm) A (N) B (1/m) c  (kg/sec) 

P18M Vertex 15.2 184.23 1133.21 3410.70 

P18M Occiput 14.8 16.24 1395.14 2965.02 

P18M Forehead 15.1 278.23 1124.09 2878.56 

P18M Right Parietal 15.3 27.87 2183.62 2244.32 

P18M Left Parietal 14.8 4.27 1883.12 1924.86 

P18M Vertex 29.9 393.18 665.82 2902.25 

P18M Occiput 30.2 61.62 1065.08 3199.95 

P18M Forehead 30.2 546.99 692.73 3339.38 

P18M Right Parietal 30.2 99.62 1346.76 2366.92 

P18M Left Parietal 30.0 48.66 1210.97 2044.69 

P21F Vertex 15.3 1.10 3147.59 3826.02 

P21F Occiput 14.4 1.19 2617.26 4709.05 

P21F Forehead 14.9 2.11 1820.33 3221.24 

P21F Right Parietal 14.8 0.21 2826.58 2518.47 

P21F Left Parietal 14.9 0.61 2685.15 3515.88 

P21F Vertex 29.6 1.57 2613.88 3642.48 

P21F Occiput 30.0 3.26 2155.33 5125.83 

P21F Forehead 30.1 12.33 1540.19 2510.86 

P21F Right Parietal 30.4 3.35 1771.00 2378.33 

P21F Left Parietal 30.1 2.09 2092.91 2986.28 
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Table 7-35:  Model predictions of HIC, pulse duration and peak acceleration made for P03M.  The 

predictions of the mass-spring, standard linear and non-linear fluid models are shown.  The models 

from the 15cm drops were used to predict the 30cm drops and the models from the 30cm drops were 

used to predict the 15cm drops.   

Specimen 
Drop 

Location 
Drop Height 

(cm) Model Prediction R2 

Model Pulse 
Duration 

(ms) 
Model Peak 

Accel (g) 
Model 

HIC 

P03M Vertex 15.9 Mass-Spring 0.85 7.40 74.4 150 

P03M Occiput 16.2 Mass-Spring 0.89 11.50 49.1 81 

P03M Forehead 15.2 Mass-Spring 0.88 8.50 63.9 117 

P03M Right Parietal 15.9 Mass-Spring 0.89 9.70 57.3 102 

P03M Left Parietal 15.9 Mass-Spring 0.85 11.30 49.3 81 

P03M Vertex 30.8 Mass-Spring 0.74 10.30 75.7 215 

P03M Occiput 30.5 Mass-Spring 0.81 12.50 61.8 158 

P03M Forehead 30.5 Mass-Spring 0.84 10.50 73.4 204 

P03M Right Parietal 29.8 Mass-Spring 0.79 11.70 65.3 170 

P03M Left Parietal 30.5 Mass-Spring 0.83 12.50 61.8 158 

P03M Vertex 15.9 Non-linear fluid 0.94 13.70 72.6 98 

P03M Occiput 16.2 Non-linear fluid 0.97 12.26 48.4 55 

P03M Forehead 15.2 Non-linear fluid 0.78 8.84 53.7 82 

P03M Right Parietal 15.9 Non-linear fluid 0.94 11.92 52.1 59 

P03M Left Parietal 15.9 Non-linear fluid 0.89 10.36 43.1 54 

P03M Vertex 30.8 Non-linear fluid 0.95 11.58 121.9 274 

P03M Occiput 30.5 Non-linear fluid 0.91 10.27 81.6 164 

P03M Forehead 30.5 Non-linear fluid 0.95 9.09 92.6 183 

P03M Right Parietal 29.8 Non-linear fluid 0.79 10.20 58.4 114 

P03M Left Parietal 30.5 Non-linear fluid 0.89 10.59 55.1 102 

P03M Vertex 15.9 Standard Linear 0.89 5.60 69.6 150 

P03M Occiput 16.2 Standard Linear 0.95 9.70 43.8 81 

P03M Forehead 15.2 Standard Linear 0.95 7.50 56.2 117 

P03M Right Parietal 15.9 Standard Linear 0.89 7.70 52.9 102 

P03M Left Parietal 15.9 Standard Linear 0.97 10.10 42.9 81 

P03M Vertex 30.8 Standard Linear 0.86 7.30 77.7 215 

P03M Occiput 30.5 Standard Linear 0.89 11.20 55.2 158 

P03M Forehead 30.5 Standard Linear 0.94 8.40 67.4 204 

P03M Right Parietal 29.8 Standard Linear 0.86 10.40 58.4 170 

P03M Left Parietal 30.5 Standard Linear 0.93 10.80 53.6 158 
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Table 7-36:  Model predictions of HIC, pulse duration and peak acceleration made for P05M.  The 

predictions of the mass-spring, standard linear and non-linear fluid models are shown.  The models 

from the 15cm drops were used to predict the 30cm drops and the models from the 30cm drops were 

used to predict the 15cm drops.   

Specimen Drop Location 

Drop 
Height 
(cm) Model 

Prediction 
R2 

Model 
Pulse 

Duration 
(ms) 

Model Peak 
Accel (g) Model HIC 

P05F Vertex 14.6 Mass-Spring 0.84 14.35 37.7 52 

P05F Occiput 14.0 Mass-Spring 0.86 13.17 40.2 56 

P05F Forehead 15.2 Mass-Spring 0.78 13.67 40.4 59 

P05F Right Parietal 15.6 Mass-Spring 0.80 10.84 51.6 86 

P05F Left Parietal 15.9 Mass-Spring 0.83 11.11 50.9 85 

P05F Vertex 30.5 Mass-Spring 0.79 15.06 51.9 122 

P05F Occiput 29.2 Mass-Spring 0.74 16.02 47.8 105 

P05F Forehead 31.1 Mass-Spring 0.72 14.51 54.4 132 

P05F Right Parietal 29.2 Mass-Spring 0.79 12.35 62.0 155 

P05F Left Parietal 29.8 Mass-Spring 0.75 13.53 57.2 139 

P05F Vertex 14.6 Non-linear fluid 0.97 21.93 36.1 28 

P05F Occiput 14.0 Non-linear fluid 0.97 18.09 33.5 26 

P05F Forehead 15.2 Non-linear fluid 0.96 21.89 25.7 14 

P05F Right Parietal 15.6 Non-linear fluid 0.95 14.81 36.5 29 

P05F Left Parietal 15.9 Non-linear fluid 0.85 12.71 32.8 32 

P05F Vertex 30.5 Non-linear fluid 0.94 18.16 70.8 104 

P05F Occiput 29.2 Non-linear fluid 0.96 17.25 61.5 86 

P05F Forehead 31.1 Non-linear fluid 0.96 19.50 42.6 41 

P05F Right Parietal 29.2 Non-linear fluid 0.92 15.33 53.0 57 

P05F Left Parietal 29.8 Non-linear fluid 0.97 15.31 55.5 69 

P05F Vertex 14.6 Standard Linear 0.93 9.95 37.2 31 

P05F Occiput 14.0 Standard Linear 0.93 10.89 35.0 31 

P05F Forehead 15.2 Standard Linear 0.96 14.48 29.1 21 

P05F Right Parietal 15.6 Standard Linear 0.95 10.39 37.4 34 

P05F Left Parietal 15.9 Standard Linear 0.94 10.74 36.4 33 

P05F Vertex 30.5 Standard Linear 0.93 11.00 50.5 77 

P05F Occiput 29.2 Standard Linear 0.92 12.91 44.0 65 

P05F Forehead 31.1 Standard Linear 0.93 15.18 39.2 50 

P05F Right Parietal 29.2 Standard Linear 0.92 12.67 42.5 51 

P05F Left Parietal 29.8 Standard Linear 0.95 12.48 44.3 63 
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Table 7-37:  Model predictions of HIC, pulse duration and peak acceleration made for P06M.  The 

predictions of the mass-spring, standard linear and non-linear fluid models are shown.  The models 

from the 15cm drops were used to predict the 30cm drops and the models from the 30cm drops were 

used to predict the 15cm drops.   

Specimen 
Drop 

Location 
Drop Height 

(cm) Model 
Prediction 

R2 
Model Pulse 

Duration (ms) 
Model Peak 

Accel (g) Model HIC 

P06M Vertex 14.6 Mass-Spring 0.83 13.14 41.2 59 

P06M Occiput 15.2 Mass-Spring 0.87 14.58 37.9 53 

P06M Forehead 14.6 Mass-Spring 0.85 16.54 32.7 42 

P06M Right Parietal 15.2 Mass-Spring 0.81 13.71 40.3 59 

P06M Left Parietal 14.1 Mass-Spring 0.85 13.54 39.3 54 

P06M Vertex 30.5 Mass-Spring 0.69 16.06 48.7 110 

P06M Occiput 30.5 Mass-Spring 0.79 16.84 46.5 103 

P06M Forehead 29.2 Mass-Spring 0.81 16.91 45.3 97 

P06M Right Parietal 30.3 Mass-Spring 0.71 16.86 46.3 102 

P06M Left Parietal 29.7 Mass-Spring 0.82 14.97 51.6 119 

P06M Vertex 14.6 Non-linear fluid 0.92 21.00 46.5 46 

P06M Occiput 15.2 Non-linear fluid 0.98 19.70 33.0 29 

P06M Forehead 14.6 Non-linear fluid 0.96 19.81 24.5 18 

P06M Right Parietal 15.2 Non-linear fluid 0.83 14.40 27.6 24 

P06M Left Parietal 14.1 Non-linear fluid 0.92 16.95 28.5 22 

P06M Vertex 30.5 Non-linear fluid 0.92 18.17 82.2 140 

P06M Occiput 30.5 Non-linear fluid 0.97 17.64 55.8 80 

P06M Forehead 29.2 Non-linear fluid 0.85 17.43 43.4 54 

P06M Right Parietal 30.3 Non-linear fluid 0.84 17.88 55.7 73 

P06M Left Parietal 29.7 Non-linear fluid 0.93 15.38 54.0 72 

P06M Vertex 14.6 Standard Linear 0.88 8.26 44.3 41 

P06M Occiput 15.2 Standard Linear 0.93 11.70 34.6 33 

P06M Forehead 14.6 Standard Linear 0.97 16.32 25.0 20 

P06M Right Parietal 15.2 Standard Linear 0.87 14.61 29.3 27 

P06M Left Parietal 14.1 Standard Linear 0.92 12.53 30.8 26 

P06M Vertex 30.5 Standard Linear 0.83 11.10 50.1 78 

P06M Occiput 30.5 Standard Linear 0.91 14.30 41.3 63 

P06M Forehead 29.2 Standard Linear 0.86 16.35 34.7 46 

P06M Right Parietal 30.3 Standard Linear 0.91 14.28 40.4 59 

P06M Left Parietal 29.7 Standard Linear 0.95 14.01 41.5 62 
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Table 7-38:  Model predictions of HIC, pulse duration and peak acceleration made for P07M.  The 

predictions of the mass-spring, standard linear and non-linear fluid models are shown.  The models 

from the 15cm drops were used to predict the 30cm drops and the models from the 30cm drops were 

used to predict the 15cm drops.   

Specimen 
Drop 

Location 

Drop 
Height 
(cm) Model 

Prediction 
R2 

Model Pulse 
Duration (ms) 

Model 
Peak Accel 

(g) Model HIC 

P07M Vertex 15.0 Mass-Spring 0.83 9.82 55.8 95 

P07M Occiput 15.0 Mass-Spring 0.81 10.99 49.9 80 

P07M Forehead 15.0 Mass-Spring 0.86 7.80 70.3 134 

P07M Right Parietal 15.0 Mass-Spring 0.80 8.09 67.8 127 

P07M Left Parietal 15.0 Mass-Spring 0.75 8.14 67.4 126 

P07M Vertex 30.0 Mass-Spring 0.67 13.02 59.6 148 

P07M Occiput 30.0 Mass-Spring 0.74 11.36 68.3 182 

P07M Forehead 30.0 Mass-Spring 0.79 9.25 83.8 247 

P07M Right Parietal 30.0 Mass-Spring 0.73 9.93 78.1 222 

P07M Left Parietal 30.0 Mass-Spring 0.75 9.86 78.7 225 

P07M Vertex 15.0 Non-linear fluid 0.93 16.79 53.1 55 

P07M Occiput 15.0 Non-linear fluid 0.82 11.67 33.4 32 

P07M Forehead 15.0 Non-linear fluid 0.97 12.31 56.5 60 

P07M Right Parietal 15.0 Non-linear fluid 0.93 11.19 46.6 43 

P07M Left Parietal 15.0 Non-linear fluid 0.91 11.55 48.1 45 

P07M Vertex 30.0 Non-linear fluid 0.96 16.41 83.5 133 

P07M Occiput 30.0 Non-linear fluid 0.78 15.14 69.9 94 

P07M Forehead 30.0 Non-linear fluid 0.94 12.03 96.6 156 

P07M Right Parietal 30.0 Non-linear fluid 0.94 11.57 67.3 91 

P07M Left Parietal 30.0 Non-linear fluid 
 

14.55 42.4 72 

P07M Vertex 15.0 Standard Linear 0.88 6.99 54.8 60 

P07M Occiput 15.0 Standard Linear 0.80 12.35 33.8 29 

P07M Forehead 15.0 Standard Linear 0.95 6.27 62.2 76 

P07M Right Parietal 15.0 Standard Linear 0.90 7.99 48.7 51 

P07M Left Parietal 15.0 Standard Linear 0.90 8.06 49.2 54 

P07M Vertex 30.0 Standard Linear 0.84 9.68 58.6 98 

P07M Occiput 30.0 Standard Linear 0.90 11.60 51.5 88 

P07M Forehead 30.0 Standard Linear 0.94 7.28 75.1 137 

P07M Right Parietal 30.0 Standard Linear 0.82 10.54 54.9 92 

P07M Left Parietal 30.0 Standard Linear 0.79 11.26 52.4 72 

 



 

 

398 

Table 7-39:  Model predictions of HIC, pulse duration and peak acceleration made for P08M.  The 

predictions of the mass-spring, standard linear and non-linear fluid models are shown.  The models 

from the 15cm drops were used to predict the 30cm drops and the models from the 30cm drops were 

used to predict the 15cm drops.   

Specimen 
Drop 

Location 
Drop Height 

(cm) Model 
Prediction 

R2 

Model Pulse 
Duration 

(ms) 
Model Peak 

Accel (g) Model HIC 

P08M Vertex 15.2 Mass-Spring 0.81 14.53 38.0 54 

P08M Occiput 15.0 Mass-Spring 0.79 16.00 34.3 46 

P08M Forehead 15.3 Mass-Spring 0.77 12.43 44.6 68 

P08M Right Parietal 15.1 Mass-Spring 0.75 14.06 39.1 56 

P08M Left Parietal 14.8 Mass-Spring 0.73 11.61 46.9 73 

P08M Vertex 29.9 Mass-Spring 0.72 16.62 46.6 102 

P08M Occiput 30.4 Mass-Spring 0.67 18.98 41.2 86 

P08M Forehead 30.2 Mass-Spring 0.60 16.44 47.3 105 

P08M Right Parietal 30.2 Mass-Spring 0.69 14.08 55.3 133 

P08M Left Parietal 30.3 Mass-Spring 0.61 15.87 49.1 112 

P08M Vertex 15.2 Non-linear fluid 0.91 22.06 30.9 23 

P08M Occiput 15.0 Non-linear fluid 0.96 22.13 25.2 18 

P08M Forehead 15.3 Non-linear fluid 0.80 14.56 27.0 23 

P08M Right Parietal 15.1 Non-linear fluid 0.87 14.19 26.4 19 

P08M Left Parietal 14.8 Non-linear fluid 0.85 18.94 35.0 26 

P08M Vertex 29.9 Non-linear fluid 0.86 19.57 67.3 93 

P08M Occiput 30.4 Non-linear fluid 0.92 20.42 40.7 47 

P08M Forehead 30.2 Non-linear fluid 0.97 19.42 46.4 50 

P08M Right Parietal 30.2 Non-linear fluid 0.63 17.52 32.7 45 

P08M Left Parietal 30.3 Non-linear fluid 0.51 17.54 30.1 36 

P08M Vertex 15.2 Standard Linear 0.91 11.91 32.2 27 

P08M Occiput 15.0 Standard Linear 0.92 16.36 24.7 20 

P08M Forehead 15.3 Standard Linear 0.90 12.72 29.3 21 

P08M Right Parietal 15.1 Standard Linear 0.78 17.42 25.2 16 

P08M Left Parietal 14.8 Standard Linear 0.79 10.34 36.0 30 

P08M Vertex 29.9 Standard Linear 0.92 11.42 46.9 66 

P08M Occiput 30.4 Standard Linear 0.82 18.48 31.5 41 

P08M Forehead 30.2 Standard Linear 0.88 15.14 35.8 44 

P08M Right Parietal 30.2 Standard Linear 0.81 15.71 36.3 47 

P08M Left Parietal 30.3 Standard Linear 0.61 17.61 33.2 42 
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Table 7-40:  Model predictions of HIC, pulse duration and peak acceleration made for P12M.  The 

predictions of the mass-spring, standard linear and non-linear fluid models are shown.  The models 

from the 15cm drops were used to predict the 30cm drops and the models from the 30cm drops were 

used to predict the 15cm drops.   

Specimen 
Drop 

Location 
Drop Height 

(cm) Model 
Prediction 

R2 
Model Pulse 

Duration (ms) 
Model Peak 

Accel (g) 
Model 

HIC 

P12M Vertex 15.4 Mass-Spring 0.85 9.93 56.0 97 

P12M Occiput 14.7 Mass-Spring 0.85 9.13 59.5 103 

P12M Forehead 15.3 Mass-Spring 0.84 10.36 53.5 90 

P12M Left Parietal 14.8 Mass-Spring 0.68 9.73 56.0 95 

P12M Vertex 30.2 Mass-Spring 0.73 11.84 65.7 172 

P12M Occiput 29.7 Mass-Spring 0.68 11.47 67.3 177 

P12M Forehead 30.2 Mass-Spring 0.80 10.29 75.7 213 

P12M Left Parietal 29.9 Mass-Spring 0.82 8.57 90.3 276 

P12M Vertex 15.4 Non-linear fluid 0.98 13.83 45.7 45 

P12M Occiput 14.7 Non-linear fluid 0.98 13.04 50.2 50 

P12M Forehead 15.3 Non-linear fluid 0.93 12.77 37.9 32 

P12M Left Parietal 14.8 Non-linear fluid 0.74 12.16 41.1 37 

P12M Vertex 30.2 Non-linear fluid 0.97 12.94 78.5 126 

P12M Occiput 29.7 Non-linear fluid 0.97 11.92 74.7 122 

P12M Forehead 30.2 Non-linear fluid 0.94 11.15 73.0 111 

P12M Left Parietal 29.9 Non-linear fluid 0.91 8.65 54.3 75 

P12M Vertex 15.4 Standard Linear 0.94 8.29 48.7 53 

P12M Occiput 14.7 Standard Linear 0.91 7.53 51.9 57 

P12M Forehead 15.3 Standard Linear 0.95 10.44 39.8 37 

P12M Left Parietal 14.8 Standard Linear 0.96 9.45 42.8 42 

P12M Vertex 30.2 Standard Linear 0.92 9.85 60.2 109 

P12M Occiput 29.7 Standard Linear 0.85 10.02 58.6 104 

P12M Forehead 30.2 Standard Linear 0.97 9.66 60.2 105 

P12M Left Parietal 29.9 Standard Linear 0.94 9.58 61.5 92 
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Table 7-41:  Model predictions of HIC, pulse duration and peak acceleration made for P13F.  The 

predictions of the mass-spring, standard linear and non-linear fluid models are shown.  The models 

from the 15cm drops were used to predict the 30cm drops and the models from the 30cm drops were 

used to predict the 15cm drops.   

Specimen 
Drop 

Location 
Drop Height 

(cm) Model 
Prediction 

R2 
Model Pulse 

Duration (ms) 
Model Peak 

Accel (g) Model HIC 

P13F Vertex 15.5 Mass-Spring 0.85 10.46 53.3 90 

P13F Occiput 14.7 Mass-Spring 0.81 8.63 62.9 112 

P13F Forehead 15.0 Mass-Spring 0.84 8.99 61.0 109 

P13F Right Parietal 15.3 Mass-Spring 0.81 10.42 53.2 89 

P13F Left Parietal 15.1 Mass-Spring 0.79 9.89 55.6 95 

P13F Vertex 30.1 Mass-Spring 0.83 10.28 75.6 209 

P13F Occiput 29.9 Mass-Spring 0.66 11.16 69.4 186 

P13F Forehead 30.0 Mass-Spring 0.82 8.84 87.7 265 

P13F Right Parietal 30.0 Mass-Spring 0.64 10.85 71.5 195 

P13F Left Parietal 30.4 Mass-Spring 0.68 9.26 84.3 251 

P13F Vertex 15.5 Non-linear fluid 0.95 15.28 49.0 49 

P13F Occiput 14.7 Non-linear fluid 0.97 10.81 45.9 44 

P13F Forehead 15.0 Non-linear fluid 0.93 11.06 42.4 40 

P13F Right Parietal 15.3 Non-linear fluid 0.86 12.21 35.3 38 

P13F Left Parietal 15.1 Non-linear fluid 0.59 11.56 32.7 30 

P13F Vertex 30.1 Non-linear fluid 0.92 11.52 102.9 197 

P13F Occiput 29.9 Non-linear fluid 0.98 13.62 70.8 106 

P13F Forehead 30.0 Non-linear fluid 0.93 9.64 79.8 128 

P13F Right Parietal 30.0 Non-linear fluid 0.80 11.51 48.4 79 

P13F Left Parietal 30.4 Non-linear fluid 0.84 10.62 79.0 116 

P13F Vertex 15.5 Standard Linear 0.94 7.81 50.1 54 

P13F Occiput 14.7 Standard Linear 0.95 8.43 45.3 45 

P13F Forehead 15.0 Standard Linear 0.97 9.00 43.0 42 

P13F Right Parietal 15.3 Standard Linear 0.70 12.79 35.2 25 

P13F Left Parietal 15.1 Standard Linear 0.83 12.36 36.1 26 

P13F Vertex 30.1 Standard Linear 0.94 7.57 74.1 139 

P13F Occiput 29.9 Standard Linear 0.92 10.12 55.6 91 

P13F Forehead 30.0 Standard Linear 0.98 8.54 65.2 115 

P13F Right Parietal 30.0 Standard Linear 0.70 12.05 49.5 83 

P13F Left Parietal 30.4 Standard Linear 0.89 8.52 63.4 102 
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Table 7-42:  Model predictions of HIC, pulse duration and peak acceleration made for P14M.  The 

predictions of the mass-spring, standard linear and non-linear fluid models are shown.  The models 

from the 15cm drops were used to predict the 30cm drops and the models from the 30cm drops were 

used to predict the 15cm drops.   

Specimen 
Drop 

Location 
Drop Height 

(cm) Model Prediction R2 

Model 
Pulse 

Duration 
(ms) 

Model Peak 
Accel (g) Model HIC 

P14M Vertex 15.2 Mass-Spring 0.79 10.21 54.1 91 

P14M Occiput 15.0 Mass-Spring 0.84 10.81 50.7 82 

P14M Forehead 15.0 Mass-Spring 0.89 11.75 46.7 73 

P14M Right Parietal 15.0 Mass-Spring 0.77 10.91 50.3 81 

P14M Left Parietal 14.6 Mass-Spring 0.84 12.37 43.8 65 

P14M Vertex 30.3 Mass-Spring 0.48 15.27 51.1 118 

P14M Occiput 30.3 Mass-Spring 0.64 14.70 53.1 125 

P14M Forehead 30.0 Mass-Spring 0.83 13.05 59.5 148 

P14M Right Parietal 30.4 Mass-Spring 0.58 14.18 55.1 133 

P14M Left Parietal 30.0 Mass-Spring 0.79 13.81 56.2 136 

P14M Vertex 15.2 Non-linear fluid 0.90 12.55 45.3 46 

P14M Occiput 15.0 Non-linear fluid 0.97 15.33 43.4 41 

P14M Forehead 15.0 Non-linear fluid 0.97 13.34 37.5 36 

P14M Right Parietal 15.0 Non-linear fluid 0.93 10.79 34.4 26 

P14M Left Parietal 14.6 Non-linear fluid 0.89 12.15 30.8 27 

P14M Vertex 30.3 Non-linear fluid 0.80 15.65 57.8 81 

P14M Occiput 30.3 Non-linear fluid 0.97 14.73 63.6 92 

P14M Forehead 30.0 Non-linear fluid 0.96 13.32 60.3 91 

P14M Right Parietal 30.4 Non-linear fluid 0.78 15.42 48.2 57 

P14M Left Parietal 30.0 Non-linear fluid 0.93 13.68 53.9 75 

P14M Vertex 15.2 Standard Linear 0.90 10.02 39.6 38 

P14M Occiput 15.0 Standard Linear 0.92 9.61 40.4 37 

P14M Forehead 15.0 Standard Linear 0.97 11.23 37.5 39 

P14M Right Parietal 15.0 Standard Linear 0.84 11.93 34.5 27 

P14M Left Parietal 14.6 Standard Linear 0.92 12.74 33.9 35 

P14M Vertex 30.3 Standard Linear 0.69 13.20 45.7 74 

P14M Occiput 30.3 Standard Linear 0.83 11.90 49.4 80 

P14M Forehead 30.0 Standard Linear 0.86 13.42 48.4 90 

P14M Right Parietal 30.4 Standard Linear 0.69 14.13 43.1 69 

P14M Left Parietal 30.0 Standard Linear 0.91 13.57 45.3 75 
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Table 7-43:  Model predictions of HIC, pulse duration and peak acceleration made for P15F.  The 

predictions of the mass-spring, standard linear and non-linear fluid models are shown.  The models 

from the 15cm drops were used to predict the 30cm drops and the models from the 30cm drops were 

used to predict the 15cm drops.   

Specimen Drop Location 
Drop Height 

(cm) Model 
Prediction 

R2 

Model 
Pulse 

Duration 
(ms) 

Model Peak 
Accel (g) 

Model 
HIC 

P15F Vertex 14.6 Mass-Spring 0.83 11.25 48.1 75 

P15F Occiput 14.6 Mass-Spring 0.89 6.86 78.8 157 

P15F Forehead 15.1 Mass-Spring 0.82 6.31 87.2 186 

P15F Left Parietal 14.9 Mass-Spring 0.81 8.33 65.6 121 

P15F Vertex 29.8 Mass-Spring 0.87 11.77 65.7 172 

P15F Occiput 30.0 Mass-Spring 0.82 7.57 102.5 334 

P15F Forehead 29.7 Mass-Spring 0.77 5.93 130.0 475 

P15F Left Parietal 30.0 Mass-Spring 0.85 7.23 107.2 359 

P15F Vertex 14.6 Non-linear fluid 0.89 15.47 34.7 27 

P15F Occiput 14.6 Non-linear fluid 0.95 10.63 56.9 48 

P15F Forehead 15.1 Non-linear fluid 0.88 12.01 59.5 39 

P15F Left Parietal 14.9 Non-linear fluid 0.67 8.38 39.9 34 

P15F Vertex 29.8 Non-linear fluid 0.78 15.81 47.5 47 

P15F Occiput 30.0 Non-linear fluid 0.93 9.90 97.7 135 

P15F Forehead 29.7 Non-linear fluid 0.94 9.82 107.4 134 

P15F Left Parietal 30.0 Non-linear fluid 0.87 7.75 80.1 108 

P15F Vertex 14.6 Standard Linear 0.91 9.90 45.0 55 

P15F Occiput 14.6 Standard Linear 0.96 6.59 61.0 67 

P15F Forehead 15.1 Standard Linear 0.86 6.69 61.0 72 

P15F Left Parietal 14.9 Standard Linear 0.93 7.85 50.9 55 

P15F Vertex 29.8 Standard Linear 0.87 10.89 52.4 99 

P15F Occiput 30.0 Standard Linear 0.95 6.62 86.8 175 

P15F Forehead 29.7 Standard Linear 0.87 6.62 87.1 159 

P15F Left Parietal 30.0 Standard Linear 0.97 7.38 75.4 131 

 

 

 



 

 

403 

Table 7-44:  Coefficients (A, B and c) for the non-linear fluid model fits of the ATD heads D01D, 

Adult Hybrid III, and D02D, 12-month CRABI (Equation 7-20).   

Specimen Set Drop Location Drop Height (cm) A (N) B (1/m) c  (kg/sec) 

D01D (Adult HIII) 3 Vertex 15.4 12.50 1576.49 8136.11 

D01D (Adult HIII) 3 Forehead 15.4 6.38 1419.06 7491.53 

D01D (Adult HIII) 3 Right Parietal 14.7 1.66 2769.65 4764.42 

D01D (Adult HIII) 3 Left Parietal 15.3 0.55 2779.29 4785.20 

D01D (Adult HIII) 3 Vertex 30.0 10.96 1594.20 7090.68 

D01D (Adult HIII) 3 Occiput 30.2 0.70 1672.94 10587.81 

D01D (Adult HIII) 3 Forehead 30.1 12.01 1613.26 6844.84 

D01D (Adult HIII) 3 Right Parietal 29.6 2.22 2736.67 3880.42 

D01D (Adult HIII) 3 Left Parietal 30.2 2.18 2339.63 3984.13 

D01D (Adult HIII) 4 Vertex 14.7 37.06 1554.46 8849.55 

D01D (Adult HIII) 4 Forehead 15.2 15.54 1528.21 7914.47 

D01D (Adult HIII) 4 Right Parietal 15.4 2.70 2571.52 5309.19 

D01D (Adult HIII) 4 Left Parietal 14.8 1.17 2704.65 4714.47 

D01D (Adult HIII) 4 Vertex 30.0 27.34 1622.52 6724.15 

D01D (Adult HIII) 4 Forehead 30.3 29.23 1501.54 6952.92 

D01D (Adult HIII) 4 Right Parietal 30.3 5.02 2475.73 4672.50 

D01D (Adult HIII) 4 Left Parietal 30.4 5.55 2425.00 4437.24 

D01D (Adult HIII) 5 Right Parietal 15.2 2.33 2317.22 5203.87 

D01D (Adult HIII) 5 Left Parietal 14.9 1.15 2650.66 4612.05 

D01D (Adult HIII) 5 Right Parietal 30.1 8.68 2420.53 4981.15 

D01D (Adult HIII) 5 Left Parietal 29.8 3.37 2523.82 4162.27 

D02D (12-month CRABI) 2 Vertex 15.0 178.04 284.47 5948.30 

D02D (12-month CRABI) 2 Forehead 15.1 88.53 465.04 5877.08 

D02D (12-month CRABI) 2 Right Parietal 15.0 96.07 546.38 4078.10 

D02D (12-month CRABI) 2 Left Parietal 14.9 126.26 570.04 4051.42 

D02D (12-month CRABI) 2 Vertex 30.4 151.12 316.75 6551.36 

D02D (12-month CRABI) 2 Forehead 30.1 99.42 388.32 7290.71 

D02D (12-month CRABI) 2 Right Parietal 29.9 78.80 574.53 3991.60 

D02D (12-month CRABI) 2 Left Parietal 29.8 103.25 736.77 3814.39 
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Table 7-45:  Coefficients (A, B and c) for the non-linear fluid model fits of the ATD heads D03D, 3-

year-old HIII and D02D, 12-month CRABI  (Equation 7-20).   

Specimen Set Drop Location Drop Height (cm) A (N) B (1/m) c  (kg/sec) 

D02D (12-month CRABI) 3 Vertex 14.9 210.88 273.18 7313.04 

D02D (12-month CRABI) 3 Occiput 15.0 188.73 185.64 3407.11 

D02D (12-month CRABI) 3 Forehead 15.0 125.08 318.27 8487.78 

D02D (12-month CRABI) 3 Right Parietal 15.0 110.06 520.93 3828.35 

D02D (12-month CRABI) 3 Left Parietal 14.7 97.91 536.29 4507.18 

D02D (12-month CRABI) 3 Vertex 30.0 130.79 328.26 5720.88 

D02D (12-month CRABI) 3 Occiput 30.3 179.04 194.70 4805.27 

D02D (12-month CRABI) 3 Forehead 30.3 99.26 419.85 6843.66 

D02D (12-month CRABI) 3 Right Parietal 29.7 84.94 551.90 3656.09 

D02D (12-month CRABI) 3 Left Parietal 30.0 67.03 535.66 5038.58 

D03D (3-year-old HIII) 1 Vertex 15.3 16.20 1342.78 3641.83 

D03D (3-year-old HIII) 1 Occiput 14.8 64.51 489.90 2205.51 

D03D (3-year-old HIII) 1 Forehead 15.2 13.25 1146.52 3571.32 

D03D (3-year-old HIII) 1 Right Parietal 15.1 1.06 2079.21 2217.79 

D03D (3-year-old HIII) 1 Left Parietal 14.6 1.41 1956.72 2671.75 

D03D (3-year-old HIII) 1 Vertex 29.9 11.48 1257.12 3315.70 

D03D (3-year-old HIII) 1 Occiput 29.7 41.92 512.03 3222.41 

D03D (3-year-old HIII) 1 Forehead 30.4 9.41 1159.09 3510.04 

D03D (3-year-old HIII) 1 Right Parietal 30.2 6.26 2044.52 1982.13 

D03D (3-year-old HIII) 1 Left Parietal 30.0 5.90 1837.27 2525.14 

D03D (3-year-old HIII) 2 Vertex 14.7 7.21 1247.76 3177.66 

D03D (3-year-old HIII) 2 Occiput 15.3 42.19 526.36 1826.54 

D03D (3-year-old HIII) 2 Forehead 15.1 6.71 1141.09 3655.43 

D03D (3-year-old HIII) 2 Right Parietal 15.0 0.67 1773.81 2221.95 

D03D (3-year-old HIII) 2 Left Parietal 15.0 0.65 1866.60 2702.19 

D03D (3-year-old HIII) 2 Vertex 29.7 10.22 1395.86 3549.40 

D03D (3-year-old HIII) 2 Occiput 30.4 40.42 546.21 3855.65 

D03D (3-year-old HIII) 2 Forehead 30.3 16.91 1155.63 3685.87 

D03D (3-year-old HIII) 2 Right Parietal 29.9 10.91 1714.63 2219.96 

D03D (3-year-old HIII) 2 Left Parietal 29.8 3.31 1922.23 2502.70 
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Table 7-46:  Coefficients (A, B and c) for the non-linear fluid model fits of the ATD heads D03D, 3-

year-old HIII and D04D, 6-year-old HIII  (Equation 7-20).   

Specimen Set Drop Location Drop Height (cm) A (N) B (1/m) c  (kg/sec) 

D03D (3-year-old HIII) 3 Vertex 15.3 13.52 1405.84 3572.49 

D03D (3-year-old HIII) 3 Occiput 15.1 105.42 522.45 1768.27 

D03D (3-year-old HIII) 3 Forehead 14.7 13.61 1136.60 3653.86 

D03D (3-year-old HIII) 3 Right Parietal 14.8 1.66 2225.57 2486.75 

D03D (3-year-old HIII) 3 Left Parietal 15.3 2.73 1659.14 2631.64 

D03D (3-year-old HIII) 3 Vertex 30.1 17.74 1347.53 3628.85 

D03D (3-year-old HIII) 3 Occiput 30.2 90.99 526.03 1750.05 

D03D (3-year-old HIII) 3 Forehead 30.2 19.72 1104.75 3723.17 

D03D (3-year-old HIII) 3 Right Parietal 30.3 3.90 1805.87 2074.19 

D03D (3-year-old HIII) 3 Left Parietal 30.2 8.31 1536.14 2490.42 

D04D (6-year-old HIII) 1 Vertex 15.0 14.90 1235.15 6149.00 

D04D (6-year-old HIII) 1 Occiput 15.0 2.26 2393.14 5786.56 

D04D (6-year-old HIII) 1 Forehead 14.9 13.37 1014.32 5623.85 

D04D (6-year-old HIII) 1 Right Parietal 15.2 0.01 4337.67 4130.90 

D04D (6-year-old HIII) 1 Left Parietal 14.8 0.06 2602.14 4617.96 

D04D (6-year-old HIII) 1 Vertex 30.0 20.17 1150.55 5638.17 

D04D (6-year-old HIII) 1 Occiput 29.6 3.34 2244.21 5385.65 

D04D (6-year-old HIII) 1 Forehead 30.2 20.28 1071.99 5546.48 

D04D (6-year-old HIII) 1 Right Parietal 29.8 0.12 4195.15 3448.38 

D04D (6-year-old HIII) 1 Left Parietal 30.1 0.04 2971.26 4672.02 

D04D (6-year-old HIII) 2 Vertex 15.1 14.05 1250.40 6013.38 

D04D (6-year-old HIII) 2 Occiput 14.8 4.24 2073.29 5646.47 

D04D (6-year-old HIII) 2 Forehead 14.7 21.50 1142.59 6393.16 

D04D (6-year-old HIII) 2 Right Parietal 14.9 0.03 3164.75 4888.81 

D04D (6-year-old HIII) 2 Left Parietal 14.8 0.01 4333.98 3717.87 

D04D (6-year-old HIII) 2 Vertex 30.2 23.24 1177.49 6073.10 

D04D (6-year-old HIII) 2 Occiput 29.7 5.65 2271.86 5327.82 

D04D (6-year-old HIII) 2 Forehead 30.1 23.84 1087.75 6026.95 

D04D (6-year-old HIII) 2 Right Parietal 30.4 0.60 2393.84 3943.15 

D04D (6-year-old HIII) 2 Left Parietal 30.1 0.01 3148.51 4295.86 
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Table 7-47:  Coefficients (A, B and c) for the non-linear fluid model fits of the ATD heads D04D, 6-

year-old HIII and D05D, 10-year-old HIII  (Equation 7-20).   

Specimen Set Drop Location Drop Height (cm) A (N) B (1/m) c  (kg/sec) 

D04D (6-year-old HIII) 3 Vertex 15.3 3.57 1277.05 5994.69 

D04D (6-year-old HIII) 3 Occiput 14.8 3.88 2214.71 5821.85 

D04D (6-year-old HIII) 3 Forehead 14.7 24.83 1151.86 6377.47 

D04D (6-year-old HIII) 3 Right Parietal 15.4 0.24 2655.52 4617.47 

D04D (6-year-old HIII) 3 Left Parietal 15.2 0.09 2124.89 4380.83 

D04D (6-year-old HIII) 3 Vertex 29.8 14.04 1041.62 6196.00 

D04D (6-year-old HIII) 3 Occiput 29.7 8.70 1922.90 5121.68 

D04D (6-year-old HIII) 3 Forehead 30.1 25.82 1108.04 6060.34 

D04D (6-year-old HIII) 3 Right Parietal 30.1 0.17 2701.69 3799.23 

D04D (6-year-old HIII) 3 Left Parietal 29.8 0.01 4377.72 3654.86 

D05D (10-year-old HIII) 1 Vertex 15.4 23.53 1465.42 11013.34 

D05D (10-year-old HIII) 1 Right Parietal 14.8 0.85 2357.30 5259.53 

D05D (10-year-old HIII) 1 Left Parietal 15.4 2.41 2471.07 5751.04 

D05D (10-year-old HIII) 1 Vertex 29.8 58.39 1349.79 12822.10 

D05D (10-year-old HIII) 1 Right Parietal 30.2 6.31 2853.91 6463.79 

D05D (10-year-old HIII) 1 Left Parietal 29.8 5.26 2816.25 5846.98 

D05D (10-year-old HIII) 2 Vertex 14.7 10.76 1450.07 12395.61 

D05D (10-year-old HIII) 2 Forehead 15.0 15.87 1107.71 10826.46 

D05D (10-year-old HIII) 2 Right Parietal 15.4 0.38 2721.34 5507.17 

D05D (10-year-old HIII) 2 Left Parietal 15.1 1.11 2714.54 5553.11 

D05D (10-year-old HIII) 2 Vertex 30.1 33.69 1387.40 11180.37 

D05D (10-year-old HIII) 2 Forehead 30.1 30.25 1009.09 10940.97 

D05D (10-year-old HIII) 2 Right Parietal 30.3 2.67 2550.80 4893.02 

D05D (10-year-old HIII) 2 Left Parietal 30.3 3.91 2527.76 5288.22 
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Table 7-48:  Coefficients (A, B and c) for the non-linear fluid model fits of the ATD heads D06D, 3-

year-old Q3 and D05D, 10-year-old HIII  (Equation 7-20).   

Specimen Set Drop Location Drop Height (cm) A (N) B (1/m) c  (kg/sec) 

D05D (10-year-old HIII) 3 Occiput 15.1 303306.1 3.4 3.7930E+09 

D05D (10-year-old HIII) 3 Forehead 14.7 8.01 1308.69 7617.85 

D05D (10-year-old HIII) 3 Right Parietal 14.7 0.03 3659.65 4687.14 

D05D (10-year-old HIII) 3 Left Parietal 15.3 0.13 4252.29 5286.06 

D05D (10-year-old HIII) 3 Vertex 29.9 16.26 1623.27 8002.50 

D05D (10-year-old HIII) 3 Occiput 30.3 52.33 954.75 1.8339E+09 

D05D (10-year-old HIII) 3 Forehead 30.2 12.59 1210.15 6761.85 

D05D (10-year-old HIII) 3 Right Parietal 30.3 0.63 3385.49 4450.91 

D05D (10-year-old HIII) 3 Left Parietal 29.6 0.98 2849.71 4150.30 

D05D (10-year-old HIII) 4 Occiput 14.6 0.68 4194.91 7731.10 

D05D (10-year-old HIII) 4 Occiput 29.9 80.24 963.51 2.0741E+09 

D05D (10-year-old HIII) 5 Occiput 15.0 123.67 724.50 2.3588E+09 

D05D (10-year-old HIII) 5 Occiput 30.3 0.22 3497.09 6284.25 

D06D (3-year-old Q3) 1 Vertex 15.2 274.28 795.96 25182.39 

D06D (3-year-old Q3) 1 Occiput 14.9 269.65 1093.21 12046.87 

D06D (3-year-old Q3) 1 Forehead 14.7 232.50 774.02 15263.21 

D06D (3-year-old Q3) 1 Right Parietal 17.8 142.61 758.85 7507.90 

D06D (3-year-old Q3) 1 Left Parietal 15.3 152.39 869.35 10087.36 

D06D (3-year-old Q3) 1 Vertex 29.6 162.87 962.54 18567.26 

D06D (3-year-old Q3) 1 Occiput 30.3 238.81 1226.08 14153.82 

D06D (3-year-old Q3) 1 Forehead 30.0 158.51 870.13 19147.01 

D06D (3-year-old Q3) 1 Right Parietal 29.6 77.73 990.34 5010.48 

D06D (3-year-old Q3) 1 Left Parietal 30.0 122.33 843.76 8997.14 

D06D (3-year-old Q3) 2 Vertex 15.2 400.55 593.21 2.18086E+09 

D06D (3-year-old Q3) 2 Occiput 14.9 377.14 1003.64 14741.27 

D06D (3-year-old Q3) 2 Forehead 14.7 222.75 759.72 16691.33 

D06D (3-year-old Q3) 2 Right Parietal 17.8 135.10 909.07 8969.05 

D06D (3-year-old Q3) 2 Left Parietal 15.3 147.18 798.66 9434.31 

D06D (3-year-old Q3) 2 Vertex 29.6 190.54 953.95 23738.84 

D06D (3-year-old Q3) 2 Occiput 30.3 253.45 1279.50 13357.37 

D06D (3-year-old Q3) 2 Forehead 30.0 156.93 912.65 15241.01 

D06D (3-year-old Q3) 2 Right Parietal 29.6 117.15 834.33 6473.57 

D06D (3-year-old Q3) 2 Left Parietal 30.0 111.50 862.21 8079.32 
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Table 7-49:  Coefficients (A, B and c) for the non-linear fluid model fits of the ATD heads D06D, 3-

year-old Q3 and D07D, 6-month CRABI   (Equation 7-20).   

Specimen Set Drop Location Drop Height (cm) A (N) B (1/m) c  (kg/m) 

D06D (3-year-old Q3) 3 Vertex 14.8 298.12 792.85 26810.18 

D06D (3-year-old Q3) 3 Occiput 14.6 303.74 1037.71 13069.36 

D06D (3-year-old Q3) 3 Forehead 15.2 200.54 698.53 11926.35 

D06D (3-year-old Q3) 3 Right Parietal 15.0 139.82 740.34 7091.25 

D06D (3-year-old Q3) 3 Left Parietal 15.1 112.74 730.48 8538.77 

D06D (3-year-old Q3) 3 Vertex 30.2 167.06 953.52 21571.38 

D06D (3-year-old Q3) 3 Occiput 30.3 178.56 1302.65 12024.78 

D06D (3-year-old Q3) 3 Forehead 30.4 139.62 783.47 12317.43 

D06D (3-year-old Q3) 3 Right Parietal 30.4 128.82 808.61 7577.06 

D06D (3-year-old Q3) 3 Left Parietal 29.7 126.78 806.91 6743.16 

D07D (6-month-old CRABI)  1 Vertex 14.0 216.95 130.21 6156.92 

D07D (6-month-old CRABI 1 Occiput 15.2 156.00 173.04 3.497E+08 

D07D (6-month-old CRABI 1 Forehead 16.5 65.86 400.92 2583.78 

D07D (6-month-old CRABI 1 Right Parietal 14.9 18.50 1017.57 2778.84 

D07D (6-month-old CRABI 1 Left Parietal 15.2 6.32 2089.35 3439.11 

D07D (6-month-old CRABI 1 Vertex 29.2 228.96 131.58 9.14418E+08 

D07D (6-month-old CRABI 1 Occiput 29.2 134.21 191.48 3.60889E+08 

D07D (6-month-old CRABI 1 Forehead 29.2 138.84 165.79 2.97725E+08 

D07D (6-month-old CRABI 1 Right Parietal 30.5 53.41 683.65 2333.60 

D07D (6-month-old CRABI 1 Left Parietal 30.5 4.63 2027.35 2786.31 
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Table 7-50:  Analytical model predictions of HIC, pulse duration and peak acceleration made for the 

ATD head, D01D or the Adult Hybrid III.  The predictions of the mass-spring, standard linear and 

non-linear fluid models are shown.  This table shows the results for set 3. 

Specimen Set Drop Location 

Drop 
Height 
(cm) Model 

Predication 
R2 

Model 
Pulse 

Duration 
(ms) 

Model Peak 
Accel (g) Model HIC 

D01D 3 Vertex 15.4 Mass-Spring 0.82 3.77 147 411 

D01D 3 Occiput 15.0 Mass-Spring 0.86 3.75 146 401 

D01D 3 Forehead 15.4 Mass-Spring 0.81 4.17 133 354 

D01D 3 Right Parietal 14.7 Mass-Spring 0.72 3.93 138 365 

D01D 3 Left Parietal 15.3 Mass-Spring 0.73 3.92 141 386 

D01D 3 Vertex 30.0 Mass-Spring 0.64 4.73 164 674 

D01D 3 Occiput 30.2 Mass-Spring 0.75 3.89 200 911 

D01D 3 Forehead 30.1 Mass-Spring 0.68 4.89 159 645 

D01D 3 Right Parietal 29.6 Mass-Spring 0.59 4.75 162 659 

D01D 3 Left Parietal 30.2 Mass-Spring 0.55 4.98 156 630 

D01D 3 Vertex 15.4 Standard Linear 0.91 2.8 134 223 

D01D 3 Occiput 15.0 Standard Linear 0.93 2.44 154 283 

D01D 3 Forehead 15.4 Standard Linear 0.94 3.1 122 196 

D01D 3 Right Parietal 14.7 Standard Linear 0.91 3.3 112 140 

D01D 3 Left Parietal 15.3 Standard Linear 0.89 3.28 115 148 

D01D 3 Vertex 30.0 Standard Linear 0.87 3.64 150 393 

D01D 3 Occiput 30.2 Standard Linear 0.90 3.09 183 568 

D01D 3 Forehead 30.1 Standard Linear 0.92 3.66 148 380 

D01D 3 Right Parietal 29.6 Standard Linear 0.85 4.2 129 254 

D01D 3 Left Parietal 30.2 Standard Linear 0.83 4.21 128 262 

D01D 3 Vertex 15.4 Non-linear fluid 0.98 7.52 129 193 

D01D 3 Occiput 15.0 Non-linear fluid 0.77 8.41 109 209 

D01D 3 Forehead 15.4 Non-linear fluid 0.99 9.02 117 167 

D01D 3 Right Parietal 14.7 Non-linear fluid 0.92 9.37 117 125 

D01D 3 Left Parietal 15.3 Non-linear fluid 0.90 10.22 120 133 

D01D 3 Vertex 30.0 Non-linear fluid 0.97 6.91 198 461 

D01D 3 Occiput 30.2 Non-linear fluid 0.98 7.68 250 711 

D01D 3 Forehead 30.1 Non-linear fluid 0.97 6.88 196 448 

D01D 3 Right Parietal 29.6 Non-linear fluid 0.88 10.14 157 240 

D01D 3 Left Parietal 30.2 Non-linear fluid 0.90 10.24 156 252 
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Table 7-51:  Analytical model predictions of HIC, pulse duration and peak acceleration made for the 

ATD head, D01D or the Adult Hybrid III.  The predictions of the mass-spring, standard linear and 

non-linear fluid models are shown.  This table shows the results for set 4. 

Specimen Set Drop Location 

Drop 
Height 
(cm) Model 

Predication 
R2 

Model 
Pulse 

Duration 
(ms) 

Model 
Peak 

Accel (g) 
Model 

HIC 

D01D 4 Vertex 14.7 Mass-Spring 0.83 3.61 150 414 

D01D 4 Forehead 15.2 Mass-Spring 0.84 3.89 142 386 

D01D 4 Right Parietal 15.4 Mass-Spring 0.77 3.83 145 402 

D01D 4 Left Parietal 14.8 Mass-Spring 0.76 4.08 133 348 

D01D 4 Vertex 30.0 Mass-Spring 0.61 4.96 156 629 

D01D 4 Forehead 30.3 Mass-Spring 0.69 4.89 159 650 

D01D 4 Right Parietal 30.3 Mass-Spring 0.66 4.52 172 730 

D01D 4 Left Parietal 30.4 Mass-Spring 0.65 4.77 163 677 

D01D 4 Vertex 14.7 Standard Linear 0.90 2.71 138 236 

D01D 4 Forehead 15.2 Standard Linear 0.92 2.91 128 210 

D01D 4 Right Parietal 15.4 Standard Linear 0.93 2.97 124 169 

D01D 4 Left Parietal 14.8 Standard Linear 0.93 3.33 112 139 

D01D 4 Vertex 30.0 Standard Linear 0.85 3.66 148 378 

D01D 4 Forehead 30.3 Standard Linear 0.88 3.78 145 376 

D01D 4 Right Parietal 30.3 Standard Linear 0.90 3.68 143 309 

D01D 4 Left Parietal 30.4 Standard Linear 0.90 3.9 137 290 

D01D 4 Vertex 14.7 Non-linear fluid 0.97 6.35 129 195 

D01D 4 Forehead 15.2 Non-linear fluid 0.98 7.52 124 182 

D01D 4 Right Parietal 15.4 Non-linear fluid 0.95 8.51 126 151 

D01D 4 Left Parietal 14.8 Non-linear fluid 0.93 9.81 115 124 

D01D 4 Vertex 30.0 Non-linear fluid 0.95 6.15 194 441 

D01D 4 Forehead 30.3 Non-linear fluid 0.98 6.23 193 450 

D01D 4 Right Parietal 30.3 Non-linear fluid 0.93 8.21 178 316 

D01D 4 Left Parietal 30.4 Non-linear fluid 0.92 8.45 171 295 
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Table 7-52:  Analytical model predictions of HIC, pulse duration and peak acceleration made for the 

ATD head, D01D or the Adult Hybrid III.  The predictions of the mass-spring, standard linear and 

non-linear fluid models are shown.  This table shows the results for set 5. 

Specimen Set Drop Location 

Drop 
Height 
(cm) Model 

Predication 
R2 

Model 
Pulse 

Duration 
(ms) 

Model 
Peak 

Accel (g) Model HIC 

D01D 5 Right Parietal 15.2 Mass-Spring 0.76 4.61 120 300 

D01D 5 Left Parietal 14.9 Mass-Spring 0.73 5.13 106 249 

D01D 5 Right Parietal 30.1 Mass-Spring 0.69 4.93 157 637 

D01D 5 Left Parietal 29.8 Mass-Spring 0.62 5.77 134 497 

D01D 5 Right Parietal 15.2 Non-linear fluid 0.97 9.11 119 140 

D01D 5 Left Parietal 14.9 Non-linear fluid 0.93 10.02 113 121 

D01D 5 Right Parietal 30.1 Non-linear fluid 0.93 7.38 185 340 

D01D 5 Left Parietal 29.8 Non-linear fluid 0.90 9.32 163 265 

D01D 5 Right Parietal 15.2 Standard Linear 0.96 3.17 116 154 

D01D 5 Left Parietal 14.9 Standard Linear 0.92 3.44 110 135 

D01D 5 Right Parietal 30.1 Standard Linear 0.94 3.56 146 322 

D01D 5 Left Parietal 29.8 Standard Linear 0.90 4.07 131 266 
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Table 7-53:  Analytical model predictions of HIC, pulse duration and peak acceleration made for the 

ATD head, D02D or the 12-month CRABI.  The predictions of the mass-spring, standard linear and 

non-linear fluid models are shown.  This table shows the model results for set 2. 

Specimen Set Drop Location 

Drop 
Height 
(cm) Model 

Predication 
R2 

Model 
Pulse 

Duration 
(ms) 

Model 
Peak 

Accel (g) Model HIC 

D02D 2 Vertex 15.0 Mass-Spring 0.95 9.09 60 107 

D02D 2 Forehead 15.1 Mass-Spring 0.89 6.97 79 160 

D02D 2 Right Parietal 15.0 Mass-Spring 0.91 6.65 82 170 

D02D 2 Left Parietal 14.9 Mass-Spring 0.92 6.49 84 175 

D02D 2 Vertex 30.4 Mass-Spring 0.91 10.49 74 208 

D02D 2 Forehead 30.1 Mass-Spring 0.79 9.45 82 241 

D02D 2 Right Parietal 29.9 Mass-Spring 0.85 8.09 96 301 

D02D 2 Left Parietal 29.8 Mass-Spring 0.89 7.13 108 362 

D02D 2 Vertex 15.0 Non-linear fluid 0.73 5.75 85 62 

D02D 2 Forehead 15.1 Non-linear fluid 0.99 11.17 65 87 

D02D 2 Right Parietal 15.0 Non-linear fluid 1.00 10.13 66 84 

D02D 2 Left Parietal 14.9 Non-linear fluid 0.94 9.21 69 88 

D02D 2 Vertex 30.4 Non-linear fluid 0.99 10.86 93 215 

D02D 2 Forehead 30.1 Non-linear fluid 0.98 10.29 105 254 

D02D 2 Right Parietal 29.9 Non-linear fluid 1.00 8.79 115 250 

D02D 2 Left Parietal 29.8 Non-linear fluid 0.97 7.13 131 287 

D02D 2 Vertex 15.0 Standard Linear 0.96 8.37 57 83 

D02D 2 Forehead 15.1 Standard Linear 0.88 6.03 74 115 

D02D 2 Right Parietal 15.0 Standard Linear 0.94 5.64 74 109 

D02D 2 Left Parietal 14.9 Standard Linear 0.98 5.42 76 111 

D02D 2 Vertex 30.4 Standard Linear 0.94 9.8 71 172 

D02D 2 Forehead 30.1 Standard Linear 0.82 8.75 78 196 

D02D 2 Right Parietal 29.9 Standard Linear 0.92 7.05 87 205 

D02D 2 Left Parietal 29.8 Standard Linear 0.98 5.78 102 245 
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Table 7-54:  Analytical model predictions of HIC, pulse duration and peak acceleration made for the 

ATD head, D02D or the 12-month CRABI.  The predictions of the mass-spring, standard linear and 

non-linear fluid models are shown.  This table shows the model results for set 3. 

Specimen Set 
Drop 

Location 

Drop 
Height 
(cm) Model 

Predication 
R2 

Model 
Pulse 

Duration 
(ms) 

Model 
Peak 

Accel (g) Model HIC 

D02D 3 Vertex 14.9 Mass-Spring 0.94 8.97 61 108 

D02D 3 Occiput 15.0 Mass-Spring 0.95 14.09 39 55 

D02D 3 Forehead 15.0 Mass-Spring 0.96 8.41 65 120 

D02D 3 Right Parietal 15.0 Mass-Spring 0.92 7.05 78 156 

D02D 3 Left Parietal 14.7 Mass-Spring 0.92 6.61 82 168 

D02D 3 Vertex 30.0 Mass-Spring 0.92 10.61 73 201 

D02D 3 Occiput 30.3 Mass-Spring 0.91 15.17 51 119 

D02D 3 Forehead 30.3 Mass-Spring 0.96 9.01 87 260 

D02D 3 Right Parietal 29.7 Mass-Spring 0.87 8.45 91 280 

D02D 3 Left Parietal 30.0 Mass-Spring 0.87 8.25 94 294 

D02D 3 Vertex 14.9 Standard Linear 0.96 8.35 58 88 

D02D 3 Occiput 15.0 Standard Linear 0.96 12.71 36 41 

D02D 3 Forehead 15.0 Standard Linear 0.98 7.75 62 98 

D02D 3 Right Parietal 15.0 Standard Linear 0.95 5.91 71 100 

D02D 3 Left Parietal 14.7 Standard Linear 0.94 5.67 74 111 

D02D 3 Vertex 30.0 Standard Linear 0.94 9.86 69 162 

D02D 3 Occiput 30.3 Standard Linear 0.96 14.14 49 97 

D02D 3 Forehead 30.3 Standard Linear 0.97 8.24 82 207 

D02D 3 Right Parietal 29.7 Standard Linear 0.93 7.34 83 189 

D02D 3 Left Parietal 30.0 Standard Linear 0.92 7.32 87 214 

D02D 3 Vertex 14.9 Non-linear fluid 0.99 12.68 51 65 

D02D 3 Occiput 15.0 Non-linear fluid 0.99 17.54 35 36 

D02D 3 Forehead 15.0 Non-linear fluid 0.92 13.21 53 70 

D02D 3 Right Parietal 15.0 Non-linear fluid 1.00 10.19 64 79 

D02D 3 Left Parietal 14.7 Non-linear fluid 1.00 10.14 66 84 

D02D 3 Vertex 30.0 Non-linear fluid 0.99 11.11 91 202 

D02D 3 Occiput 30.3 Non-linear fluid 0.97 14.92 64 125 

D02D 3 Forehead 30.3 Non-linear fluid 0.97 9.74 111 271 

D02D 3 Right Parietal 29.7 Non-linear fluid 1.00 9.04 108 227 

D02D 3 Left Parietal 30.0 Non-linear fluid 1.00 9.19 118 274 
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Table 7-55:  Analytical model predictions of HIC, pulse duration and peak acceleration made for the 

ATD head, D03D or the 3-year-old Hybrid III.  The predictions of the mass-spring, standard linear 

and non-linear fluid models are shown.  This table shows the model results for set 1. 

Specimen Set 
Drop 

Location 

Drop 
Height 
(cm) Model 

Predication 
R2 

Model 
Pulse 

Duration 
(ms) 

Model 
Peak 

Accel (g) Model HIC 

D03D 1 Vertex 15.3 Mass-Spring 0.86 5.17 107 254 

D03D 1 Occiput 14.8 Mass-Spring 0.88 9.57 57 97 

D03D 1 Forehead 15.2 Mass-Spring 0.88 5.17 107 252 

D03D 1 Right Parietal 15.1 Mass-Spring 0.80 5.33 103 239 

D03D 1 Left Parietal 14.6 Mass-Spring 0.82 5.19 104 238 

D03D 1 Vertex 29.9 Mass-Spring 0.73 6.19 125 449 

D03D 1 Occiput 29.7 Mass-Spring 0.80 10.09 76 214 

D03D 1 Forehead 30.4 Mass-Spring 0.80 6.01 130 479 

D03D 1 Right Parietal 30.2 Mass-Spring 0.74 5.77 135 506 

D03D 1 Left Parietal 30.0 Mass-Spring 0.73 5.89 132 486 

D03D 1 Vertex 15.3 Non-linear fluid 0.99 7.95 105 139 

D03D 1 Occiput 14.8 Non-linear fluid 0.98 12.85 50 50 

D03D 1 Forehead 15.2 Non-linear fluid 1.00 9.11 95 123 

D03D 1 Right Parietal 15.1 Non-linear fluid 0.96 11.61 93 92 

D03D 1 Left Parietal 14.6 Non-linear fluid 0.98 10.43 100 108 

D03D 1 Vertex 29.9 Non-linear fluid 0.99 7.86 158 329 

D03D 1 Occiput 29.7 Non-linear fluid 0.97 10.98 98 196 

D03D 1 Forehead 30.4 Non-linear fluid 1.00 8.24 159 345 

D03D 1 Right Parietal 30.2 Non-linear fluid 0.96 9.68 134 200 

D03D 1 Left Parietal 30.0 Non-linear fluid 0.98 8.52 154 269 

D03D 1 Vertex 15.3 Standard Linear 0.93 3.45 109 152 

D03D 1 Occiput 14.8 Standard Linear 0.93 7.45 53 57 

D03D 1 Forehead 15.2 Standard Linear 0.94 3.69 100 140 

D03D 1 Right Parietal 15.1 Standard Linear 0.93 4.44 98 122 

D03D 1 Left Parietal 14.6 Standard Linear 0.94 3.91 104 132 

D03D 1 Vertex 29.9 Standard Linear 0.90 4.5 122 274 

D03D 1 Occiput 29.7 Standard Linear 0.93 8.4 72 148 

D03D 1 Forehead 30.4 Standard Linear 0.92 4.59 119 280 

D03D 1 Right Parietal 30.2 Standard Linear 0.93 4.94 121 259 

D03D 1 Left Parietal 30.0 Standard Linear 0.93 4.54 128 283 
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Table 7-56:  Analytical model predictions of HIC, pulse duration and peak acceleration made for the 

ATD head, D03D or the 3-year-old Hybrid III.  The predictions of the mass-spring, standard linear 

and non-linear fluid models are shown.  This table shows the model results for set 2. 

Specimen Set Drop Location 

Drop 
Height 
(cm) Model 

Predication 
R2 

Model 
Pulse 

Duration 
(ms) 

Model 
Peak 

Accel (g) Model HIC 

D03D 2 Vertex 14.7 Mass-Spring 0.84 5.69 95 210 

D03D 2 Occiput 15.3 Mass-Spring 0.86 9.72 57 99 

D03D 2 Forehead 15.1 Mass-Spring 0.88 5.05 109 259 

D03D 2 Right Parietal 15.0 Mass-Spring 0.80 5.86 94 206 

D03D 2 Left Parietal 15.0 Mass-Spring 0.81 5.24 104 243 

D03D 2 Vertex 29.7 Mass-Spring 0.79 6.03 128 464 

D03D 2 Occiput 30.4 Mass-Spring 0.80 9.05 86 260 

D03D 2 Forehead 30.3 Mass-Spring 0.81 5.85 133 497 

D03D 2 Right Parietal 29.9 Mass-Spring 0.75 6.23 124 446 

D03D 2 Left Parietal 29.8 Mass-Spring 0.73 5.84 132 488 

D03D 2 Vertex 14.7 Standard Linear 0.95 3.98 96 119 

D03D 2 Occiput 15.3 Standard Linear 0.88 7.91 52 52 

D03D 2 Forehead 15.1 Standard Linear 0.94 3.67 101 143 

D03D 2 Right Parietal 15.0 Standard Linear 0.94 4.49 95 118 

D03D 2 Left Parietal 15.0 Standard Linear 0.95 3.9 106 137 

D03D 2 Vertex 29.7 Standard Linear 0.95 4.16 131 307 

D03D 2 Occiput 30.4 Standard Linear 0.92 7.62 81 181 

D03D 2 Forehead 30.3 Standard Linear 0.93 4.52 122 296 

D03D 2 Right Parietal 29.9 Standard Linear 0.93 4.91 120 261 

D03D 2 Left Parietal 29.8 Standard Linear 0.94 4.51 130 280 

D03D 2 Vertex 14.7 Non-linear fluid 0.98 9.86 91 110 

D03D 2 Occiput 15.3 Non-linear fluid 0.87 13.9 48 46 

D03D 2 Forehead 15.1 Non-linear fluid 1.00 10.06 95 123 

D03D 2 Right Parietal 15.0 Non-linear fluid 0.98 12.77 88 88 

D03D 2 Left Parietal 15.0 Non-linear fluid 0.99 11.33 102 113 

D03D 2 Vertex 29.7 Non-linear fluid 0.99 7.36 171 369 

D03D 2 Occiput 30.4 Non-linear fluid 0.91 10.17 111 243 

D03D 2 Forehead 30.3 Non-linear fluid 1.00 7.41 163 365 

D03D 2 Right Parietal 29.9 Non-linear fluid 0.98 8.58 139 226 

D03D 2 Left Parietal 29.8 Non-linear fluid 0.98 9.08 155 268 
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Table 7-57:  Analytical model predictions of HIC, pulse duration and peak acceleration made for the 

ATD head, D03D or the 3-year-old Hybrid III.  The predictions of the mass-spring, standard linear 

and non-linear fluid models are shown.  This table shows the model results for set 3. 

Specimen Set Drop Location 

Drop 
Height 
(cm) Model 

Predication 
R2 

Model 
Pulse 

Duration 
(ms) 

Model 
Peak 

Accel (g) Model HIC 

D03D 3 Vertex 15.3 Mass-Spring 0.85 5.52 100 231 

D03D 3 Occiput 15.1 Mass-Spring 0.82 9.71 57 98 

D03D 3 Forehead 14.7 Mass-Spring 0.88 5.13 106 245 

D03D 3 Right Parietal 14.8 Mass-Spring 0.80 5.33 102 233 

D03D 3 Left Parietal 15.3 Mass-Spring 0.82 5.85 95 212 

D03D 3 Vertex 30.1 Mass-Spring 0.79 5.41 143 554 

D03D 3 Occiput 30.2 Mass-Spring 0.74 10.53 74 205 

D03D 3 Forehead 30.2 Mass-Spring 0.80 6.01 129 475 

D03D 3 Right Parietal 30.3 Mass-Spring 0.66 6.54 119 421 

D03D 3 Left Parietal 30.2 Mass-Spring 0.72 6.54 119 419 

D03D 3 Vertex 15.3 Non-linear fluid 1.00 7.99 106 140 

D03D 3 Occiput 15.1 Non-linear fluid 0.99 11.38 50 48 

D03D 3 Forehead 14.7 Non-linear fluid 1.00 9.11 93 119 

D03D 3 Right Parietal 14.8 Non-linear fluid 0.94 10.08 102 106 

D03D 3 Left Parietal 15.3 Non-linear fluid 0.99 10.32 97 108 

D03D 3 Vertex 30.1 Non-linear fluid 1.00 6.82 173 382 

D03D 3 Occiput 30.2 Non-linear fluid 0.99 10.59 80 126 

D03D 3 Forehead 30.2 Non-linear fluid 1.00 7.4 160 359 

D03D 3 Right Parietal 30.3 Non-linear fluid 0.96 10.21 135 211 

D03D 3 Left Parietal 30.2 Non-linear fluid 0.99 8.63 145 258 

D03D 3 Vertex 15.3 Standard Linear 0.94 3.4 110 154 

D03D 3 Occiput 15.1 Standard Linear 0.94 8.07 51 50 

D03D 3 Forehead 14.7 Standard Linear 0.93 3.67 99 138 

D03D 3 Right Parietal 14.8 Standard Linear 0.91 4.01 104 131 

D03D 3 Left Parietal 15.3 Standard Linear 0.94 4.13 102 132 

D03D 3 Vertex 30.1 Standard Linear 0.93 4.11 133 316 

D03D 3 Occiput 30.2 Standard Linear 0.91 9.19 64 109 

D03D 3 Forehead 30.2 Standard Linear 0.91 4.67 119 288 

D03D 3 Right Parietal 30.3 Standard Linear 0.87 5.03 119 258 

D03D 3 Left Parietal 30.2 Standard Linear 0.92 4.83 122 270 
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Table 7-58:  Analytical model predictions of HIC, pulse duration and peak acceleration made for the 

ATD head, D04D or the 6-year-old Hybrid III.  The predictions of the mass-spring, standard linear 

and non-linear fluid models are shown.  This table shows the model results for set 1. 

Specimen Set Drop Location 

Drop 
Height 
(cm) Model 

Predication 
R2 

Model 
Pulse 

Duration 
(ms) 

Model 
Peak 

Accel (g) Model HIC 

D04D 1 Vertex 15.0 Mass-Spring 0.85 4.37 125 319 

D04D 1 Occiput 15.0 Mass-Spring 0.82 3.61 151 425 

D04D 1 Forehead 14.9 Mass-Spring 0.86 5.09 107 252 

D04D 1 Right Parietal 15.2 Mass-Spring 0.75 3.7 149 416 

D04D 1 Left Parietal 14.8 Mass-Spring 0.76 4.37 124 314 

D04D 1 Vertex 30.0 Mass-Spring 0.72 5.57 139 528 

D04D 1 Occiput 29.6 Mass-Spring 0.72 4.25 181 778 

D04D 1 Forehead 30.2 Mass-Spring 0.75 5.93 131 485 

D04D 1 Right Parietal 29.8 Mass-Spring 0.63 4.47 173 728 

D04D 1 Left Parietal 30.1 Mass-Spring 0.72 4.52 172 725 

D04D 1 Vertex 15.0 Standard Linear 0.90 3.24 117 186 

D04D 1 Occiput 15.0 Standard Linear 0.93 2.41 147 231 

D04D 1 Forehead 14.9 Standard Linear 0.93 3.82 100 149 

D04D 1 Right Parietal 15.2 Standard Linear 0.92 2.65 144 199 

D04D 1 Left Parietal 14.8 Standard Linear 0.95 2.84 130 176 

D04D 1 Vertex 30.0 Standard Linear 0.85 4.43 128 325 

D04D 1 Occiput 29.6 Standard Linear 0.91 2.98 171 423 

D04D 1 Forehead 30.2 Standard Linear 0.90 4.7 121 305 

D04D 1 Right Parietal 29.8 Standard Linear 0.88 3.49 161 336 

D04D 1 Left Parietal 30.1 Standard Linear 0.95 2.98 174 413 

D04D 1 Vertex 15.0 Non-linear fluid 0.99 8.35 110 158 

D04D 1 Occiput 15.0 Non-linear fluid 0.97 7.31 149 213 

D04D 1 Forehead 14.9 Non-linear fluid 1.00 9.91 93 126 

D04D 1 Right Parietal 15.2 Non-linear fluid 0.90 9.45 149 168 

D04D 1 Left Parietal 14.8 Non-linear fluid 0.98 10.09 134 167 

D04D 1 Vertex 30.0 Non-linear fluid 0.99 7.21 174 413 

D04D 1 Occiput 29.6 Non-linear fluid 0.97 6.66 224 507 

D04D 1 Forehead 30.2 Non-linear fluid 0.99 7.55 167 395 

D04D 1 Right Parietal 29.8 Non-linear fluid 0.84 10.14 195 311 

D04D 1 Left Parietal 30.1 Non-linear fluid 0.95 8.85 226 462 

 



 

 

418 

Table 7-59:  Analytical model predictions of HIC, pulse duration and peak acceleration made for the 

ATD head, D04D or the 6-year-old Hybrid III.  The predictions of the mass-spring, standard linear 

and non-linear fluid models are shown.  This table shows the model results for set 2. 

Specimen Set Drop Location 

Drop 
Height 
(cm) Model 

Predication 
R2 

Model 
Pulse 

Duration 
(ms) 

Model 
Peak 
Accel 

(g) 
Model 

HIC 

D04D 2 Vertex 15.1 Mass-Spring 0.87 4.41 125 318 

D04D 2 Occiput 14.8 Mass-Spring 0.82 3.73 146 398 

D04D 2 Forehead 14.7 Mass-Spring 0.86 4.45 122 303 

D04D 2 Right Parietal 14.9 Mass-Spring 0.79 3.89 140 377 

D04D 2 Left Parietal 14.8 Mass-Spring 0.76 4.34 125 317 

D04D 2 Vertex 30.2 Mass-Spring 0.75 5.33 146 569 

D04D 2 Occiput 29.7 Mass-Spring 0.75 4.21 183 793 

D04D 2 Forehead 30.1 Mass-Spring 0.73 5.69 136 514 

D04D 2 Right Parietal 30.4 Mass-Spring 0.57 5.35 146 570 

D04D 2 Left Parietal 30.1 Mass-Spring 0.64 4.84 160 654 

D04D 2 Vertex 15.1 Standard Linear 0.92 3.23 117 183 

D04D 2 Occiput 14.8 Standard Linear 0.94 2.53 140 214 

D04D 2 Forehead 14.7 Standard Linear 0.91 3.37 113 178 

D04D 2 Right Parietal 14.9 Standard Linear 0.89 2.49 146 209 

D04D 2 Left Parietal 14.8 Standard Linear 0.93 2.98 133 171 

D04D 2 Vertex 30.2 Standard Linear 0.88 4.23 135 356 

D04D 2 Occiput 29.7 Standard Linear 0.94 2.98 171 424 

D04D 2 Forehead 30.1 Standard Linear 0.85 4.58 126 329 

D04D 2 Right Parietal 30.4 Standard Linear 0.83 3.69 147 323 

D04D 2 Left Parietal 30.1 Standard Linear 0.91 3.16 167 379 

D04D 2 Vertex 15.1 Non-linear fluid 1.00 8.38 110 158 

D04D 2 Occiput 14.8 Non-linear fluid 0.98 7.42 136 191 

D04D 2 Forehead 14.7 Non-linear fluid 0.99 8.28 105 150 

D04D 2 Right Parietal 14.9 Non-linear fluid 0.92 9.25 149 191 

D04D 2 Left Parietal 14.8 Non-linear fluid 0.91 0 135 140 

D04D 2 Vertex 30.2 Non-linear fluid 0.99 6.79 183 453 

D04D 2 Occiput 29.7 Non-linear fluid 0.96 6.25 224 505 

D04D 2 Forehead 30.1 Non-linear fluid 0.99 7.13 174 428 

D04D 2 Right Parietal 30.4 Non-linear fluid 0.93 9.3 190 361 

D04D 2 Left Parietal 30.1 Non-linear fluid 0.92 9.51 217 417 
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Table 7-60:  Analytical model predictions of HIC, pulse duration and peak acceleration made for the 

ATD head, D04D or the 6-year-old Hybrid III.  The predictions of the mass-spring, standard linear 

and non-linear fluid models are shown.  This table shows the model results for set 3. 

Specimen Set Drop Location 

Drop 
Height 
(cm) Model 

Predication 
R2 

Model 
Pulse 

Duration 
(ms) 

Model 
Peak 

Accel (g) 
Model 

HIC 

D04D 3 Vertex 15.3 Mass-Spring 0.87 4.43 125 321 

D04D 3 Occiput 14.8 Mass-Spring 0.83 3.32 164 474 

D04D 3 Forehead 14.7 Mass-Spring 0.88 4.67 116 282 

D04D 3 Right Parietal 15.4 Mass-Spring 0.79 3.35 165 491 

D04D 3 Left Parietal 15.2 Mass-Spring 0.72 4.11 134 356 

D04D 3 Vertex 29.8 Mass-Spring 0.60 6.02 128 467 

D04D 3 Occiput 29.7 Mass-Spring 0.68 4.29 180 771 

D04D 3 Forehead 30.1 Mass-Spring 0.70 5.71 136 511 

D04D 3 Right Parietal 30.1 Mass-Spring 0.71 4.06 191 853 

D04D 3 Left Parietal 29.8 Mass-Spring 0.79 3.75 206 947 

D04D 3 Vertex 15.3 Standard Linear 0.89 3.23 117 186 

D04D 3 Occiput 14.8 Standard Linear 0.92 2.49 142 218 

D04D 3 Forehead 14.7 Standard Linear 0.91 3.34 113 179 

D04D 3 Right Parietal 15.4 Standard Linear 0.93 2.8 134 189 

D04D 3 Left Parietal 15.2 Standard Linear 0.94 3.17 119 161 

D04D 3 Vertex 29.8 Standard Linear 0.84 4.64 124 321 

D04D 3 Occiput 29.7 Standard Linear 0.87 3.33 155 379 

D04D 3 Forehead 30.1 Standard Linear 0.87 4.5 128 336 

D04D 3 Right Parietal 30.1 Standard Linear 0.90 3.61 151 324 

D04D 3 Left Parietal 29.8 Standard Linear 0.95 3.35 165 351 

D04D 3 Vertex 15.3 Non-linear fluid 0.98 9.94 111 161 

D04D 3 Occiput 14.8 Non-linear fluid 0.96 7.15 143 203 

D04D 3 Forehead 14.7 Non-linear fluid 0.99 8.04 105 151 

D04D 3 Right Parietal 15.4 Non-linear fluid 0.96 9.37 138 177 

D04D 3 Left Parietal 15.2 Non-linear fluid 0.93 11.16 122 152 

D04D 3 Vertex 29.8 Non-linear fluid 0.99 7.89 170 417 

D04D 3 Occiput 29.7 Non-linear fluid 0.97 6.47 206 458 

D04D 3 Forehead 30.1 Non-linear fluid 0.99 6.95 177 435 

D04D 3 Right Parietal 30.1 Non-linear fluid 0.93 10 190 345 

D04D 3 Left Parietal 29.8 Non-linear fluid 0.86 10.12 206 339 
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Table 7-61:  Analytical model predictions of HIC, pulse duration and peak acceleration made for the 

ATD head, D05D or the 10-year-old Hybrid III.  The predictions of the mass-spring, standard linear 

and non-linear fluid models are shown.  This table shows the model results for set 1. 

Specimen Set 
Drop 

Location 

Drop 
Height 
(cm) Model 

Predication 
R2 

Model 
Pulse 

Duration 
(ms) 

Model Peak 
Accel (g) 

Model 
HIC 

D05D 1 Vertex 15.4 Mass-Spring 0.88 3.45 161 470 

D05D 1 Right Parietal 14.8 Mass-Spring 0.70 4.23 129 330 

D05D 1 Left Parietal 15.4 Mass-Spring 0.76 3.81 146 406 

D05D 1 Vertex 29.8 Mass-Spring 0.78 4.13 187 819 

D05D 1 Right Parietal 30.2 Mass-Spring 0.76 3.57 218 1038 

D05D 1 Left Parietal 29.8 Mass-Spring 0.74 3.81 202 925 

D05D 1 Vertex 15.4 Standard Linear 0.93 2.55 145 243 

D05D 1 Right Parietal 14.8 Standard Linear 0.95 2.96 125 167 

D05D 1 Left Parietal 15.4 Standard Linear 0.95 2.73 137 194 

D05D 1 Vertex 29.8 Standard Linear 0.91 3.22 173 505 

D05D 1 Right Parietal 30.2 Standard Linear 0.94 2.72 189 459 

D05D 1 Left Parietal 29.8 Standard Linear 0.94 2.85 181 424 

D05D 1 Vertex 15.4 Non-linear fluid 1.00 6.09 154 286 

D05D 1 Right Parietal 14.8 Non-linear fluid 0.93 8.5 139 187 

D05D 1 Left Parietal 15.4 Non-linear fluid 0.97 7.13 153 223 

D05D 1 Vertex 29.8 Non-linear fluid 0.99 4.47 268 897 

D05D 1 Right Parietal 30.2 Non-linear fluid 0.90 5.05 279 697 

D05D 1 Left Parietal 29.8 Non-linear fluid 0.93 5.52 258 603 
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Table 7-62:  Analytical model predictions of HIC, pulse duration and peak acceleration made for the 

ATD head, D05D or the 10-year-old Hybrid III.  The predictions of the mass-spring, standard linear 

and non-linear fluid models are shown.  This table shows the model results for set 2. 

Specimen Set Drop Location 

Drop 
Height 
(cm) Model 

Predication 
R2 

Model 
Pulse 

Duration 
(ms) 

Model 
Peak 

Accel (g) 
Model 

HIC 

D05D 2 Vertex 14.7 Mass-Spring 0.86 3.33 163 467 

D05D 2 Forehead 15.0 Mass-Spring 0.84 4.21 130 338 

D05D 2 Right Parietal 15.4 Mass-Spring 0.77 3.46 160 467 

D05D 2 Left Parietal 15.1 Mass-Spring 0.78 3.31 166 487 

D05D 2 Vertex 30.1 Mass-Spring 0.70 4.37 177 762 

D05D 2 Forehead 30.1 Mass-Spring 0.67 5.57 139 530 

D05D 2 Right Parietal 30.3 Mass-Spring 0.68 3.98 195 883 

D05D 2 Left Parietal 30.3 Mass-Spring 0.66 3.99 195 880 

D05D 2 Vertex 14.7 Non-linear fluid 0.99 6.89 152 277 

D05D 2 Forehead 15.0 Non-linear fluid 0.99 8.12 123 209 

D05D 2 Right Parietal 15.4 Non-linear fluid 0.95 8.21 156 220 

D05D 2 Left Parietal 15.1 Non-linear fluid 0.96 7.53 154 215 

D05D 2 Vertex 30.1 Non-linear fluid 0.99 4.92 260 836 

D05D 2 Forehead 30.1 Non-linear fluid 0.99 6.37 210 636 

D05D 2 Right Parietal 30.3 Non-linear fluid 0.95 6.88 224 482 

D05D 2 Left Parietal 30.3 Non-linear fluid 0.96 6.3 235 530 

D05D 2 Vertex 14.7 Standard Linear 0.91 2.47 149 261 

D05D 2 Forehead 15.0 Standard Linear 0.89 3.14 120 196 

D05D 2 Right Parietal 15.4 Standard Linear 0.92 2.89 135 182 

D05D 2 Left Parietal 15.1 Standard Linear 0.93 2.85 134 179 

D05D 2 Vertex 30.1 Standard Linear 0.86 3.35 165 462 

D05D 2 Forehead 30.1 Standard Linear 0.83 4.37 130 333 

D05D 2 Right Parietal 30.3 Standard Linear 0.89 3.4 158 349 

D05D 2 Left Parietal 30.3 Standard Linear 0.90 3.29 162 362 
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Table 7-63:  Analytical model predictions of HIC, pulse duration and peak acceleration made for the 

ATD head, D05D or the 10-year-old Hybrid III.  The predictions of the mass-spring, standard linear 

and non-linear fluid models are shown.  This table shows the model results for set 3. 

Specimen Set Drop Location 

Drop 
Height 
(cm) Model 

Predication 
R2 

Model Pulse 
Duration (ms) 

Model Peak 
Accel (g) 

Model 
HIC 

D05D 3 Vertex 14.7 Mass-Spring 0.87 3.37 161 459 

D05D 3 Occiput 15.1 Mass-Spring 0.84 2.93 187 584 

D05D 3 Forehead 14.7 Mass-Spring 0.85 4.13 131 339 

D05D 3 Right Parietal 14.7 Mass-Spring 0.76 4.05 134 349 

D05D 3 Left Parietal 15.3 Mass-Spring 0.77 3.43 161 471 

D05D 3 Vertex 29.9 Mass-Spring 0.76 4.29 180 777 

D05D 3 Occiput 30.3 Mass-Spring 0.66 3.65 213 1006 

D05D 3 Forehead 30.2 Mass-Spring 0.70 5.53 141 538 

D05D 3 Right Parietal 30.3 Mass-Spring 0.70 4.32 180 783 

D05D 3 Left Parietal 29.6 Mass-Spring 0.54 4.86 158 638 

D05D 3 Vertex 14.7 Standard Linear 0.92 2.47 149 260 

D05D 3 Occiput 15.1 Standard Linear 0.88 1.8 194 322 

D05D 3 Forehead 14.7 Standard Linear 0.89 3.05 123 201 

D05D 3 Right Parietal 14.7 Standard Linear 0.94 2.85 130 173 

D05D 3 Left Parietal 15.3 Standard Linear 0.87 2.39 156 226 

D05D 3 Vertex 29.9 Standard Linear 0.88 3.29 169 483 

D05D 3 Occiput 30.3 Standard Linear 0.84 2.54 202 558 

D05D 3 Forehead 30.2 Standard Linear 0.83 4.3 131 338 

D05D 3 Right Parietal 30.3 Standard Linear 0.91 3.24 164 368 

D05D 3 Left Parietal 29.6 Standard Linear 0.78 3.62 148 317 

D05D 3 Vertex 14.7 Non-linear fluid 0.85 6.85 120 241 

D05D 3 Occiput 15.1 Non-linear fluid 0.44 5.51 92 202 

D05D 3 Forehead 14.7 Non-linear fluid 0.98 8.81 115 169 

D05D 3 Right Parietal 14.7 Non-linear fluid 0.91 9.78 140 157 

D05D 3 Left Parietal 15.3 Non-linear fluid 0.86 8.26 162 199 

D05D 3 Vertex 29.9 Non-linear fluid 0.98 5.74 230 610 

D05D 3 Occiput 30.3 Non-linear fluid 0.66 5.24 297 1307 

D05D 3 Forehead 30.2 Non-linear fluid 0.98 7.48 183 449 

D05D 3 Right Parietal 30.3 Non-linear fluid 0.88 8.7 207 375 

D05D 3 Left Parietal 29.6 Non-linear fluid 0.83 9.15 186 324 
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Table 7-64:  Analytical model predictions of HIC, pulse duration and peak acceleration made for the 

ATD head, D05D or the 10-year-old Hybrid III.  The predictions of the mass-spring, standard linear 

and non-linear fluid models are shown.  This table shows the model results for set 4 and set 5. 

Specimen Set 
Drop 

Location 
Drop Height 

(cm) Model 
Predication 

R2 

Model 
Pulse 

Duration 
(ms) 

Model Peak 
Accel (g) 

Model 
HIC 

D05D 4 Occiput 14.6 Mass-Spring 0.82 2.89 186 572 

D05D 4 Occiput 29.9 Mass-Spring 0.69 3.45 224 1076 

D05D 4 Occiput 14.6 Standard Linear 0.92 1.8 191 308 

D05D 4 Occiput 29.9 Standard Linear 0.88 2.32 214 569 

D05D 4 Occiput 14.6 Non-linear fluid 0.93 5.94 202 302 

D05D 4 Occiput 29.9 Non-linear fluid 0.65 4.85 299 1316 

D05D 5 Occiput 15.0 Mass-Spring 0.77 2.89 189 592 

D05D 5 Occiput 30.3 Mass-Spring 0.63 3.81 204 943 

D05D 5 Occiput 15.0 Non-linear fluid 0.57 7.22 121 245 

D05D 5 Occiput 30.3 Non-linear fluid 0.91 7.14 269 602 

D05D 5 Occiput 15.0 Standard Linear 0.92 1.98 177 304 

D05D 5 Occiput 30.3 Standard Linear 0.87 2.51 200 499 
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Table 7-65:  Analytical model predictions of HIC, pulse duration and peak acceleration made for the 

ATD head, D06D or the 3-year-old Q3.  The predictions of the mass-spring, standard linear and non-

linear fluid models are shown.  This table shows the model results for set 1. 

Specimen Set Drop Location 

Drop 
Height 
(cm) Model 

Predication 
R2 

Model 
Pulse 

Duration 
(ms) 

Model 
Peak 

Accel (g) Model HIC 

D06D 1 Vertex 15.2 Mass-Spring 0.94 3.35 164 483 

D06D 1 Occiput 14.9 Mass-Spring 0.95 3.04 179 544 

D06D 1 Forehead 14.7 Mass-Spring 0.94 3.71 146 398 

D06D 1 Right Parietal 17.8 Mass-Spring 0.87 4.58 130 370 

D06D 1 Left Parietal 15.3 Mass-Spring 0.87 3.84 144 397 

D06D 1 Vertex 29.6 Mass-Spring 0.92 3.94 195 872 

D06D 1 Occiput 30.3 Mass-Spring 0.91 3.34 233 1149 

D06D 1 Forehead 30.0 Mass-Spring 0.90 4.34 178 767 

D06D 1 Right Parietal 29.6 Mass-Spring 0.85 5.21 148 575 

D06D 1 Left Parietal 30.0 Mass-Spring 0.76 5.08 153 608 

D06D 1 Vertex 15.2 Standard Linear 0.96 3.16 156 399 

D06D 1 Occiput 14.9 Standard Linear 0.97 2.58 169 395 

D06D 1 Forehead 14.7 Standard Linear 0.95 3.39 137 310 

D06D 1 Right Parietal 17.8 Standard Linear 0.95 3.98 120 256 

D06D 1 Left Parietal 15.3 Standard Linear 0.89 3.36 133 284 

D06D 1 Vertex 29.6 Standard Linear 0.94 3.67 186 714 

D06D 1 Occiput 30.3 Standard Linear 0.96 3.01 218 870 

D06D 1 Forehead 30.0 Standard Linear 0.93 4.08 169 631 

D06D 1 Right Parietal 29.6 Standard Linear 0.94 4.40 134 365 

D06D 1 Left Parietal 30.0 Standard Linear 0.82 4.57 142 456 

D06D 1 Vertex 15.2 Non-linear fluid 0.98 5.23 133 277 

D06D 1 Occiput 14.9 Non-linear fluid 0.96 4.32 147 290 

D06D 1 Forehead 14.7 Non-linear fluid 0.98 5.77 117 218 

D06D 1 Right Parietal 17.8 Non-linear fluid 0.97 6.69 112 204 

D06D 1 Left Parietal 15.3 Non-linear fluid 0.99 6.01 117 209 

D06D 1 Vertex 29.6 Non-linear fluid 0.98 4.34 249 907 

D06D 1 Occiput 30.3 Non-linear fluid 0.98 3.35 290 1084 

D06D 1 Forehead 30.0 Non-linear fluid 0.99 4.71 234 842 

D06D 1 Right Parietal 29.6 Non-linear fluid 0.95 6.04 166 400 

D06D 1 Left Parietal 30.0 Non-linear fluid 0.98 5.50 191 568 
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Table 7-66:  Analytical model predictions of HIC, pulse duration and peak acceleration made for the 

ATD head, D06D or the 3-year-old Q3.  The predictions of the mass-spring, standard linear and non-

linear fluid models are shown.  This table shows the model results for set 2. 

Specimen Set Drop Location 

Drop 
Height 
(cm) Model 

Predication 
R2 

Model 
Pulse 

Duration 
(ms) 

Model 
Peak 

Accel (g) 
Model 

HIC 

D06D 2 Vertex 15.2 Mass-Spring 0.96 3.38 161 462 

D06D 2 Occiput 14.9 Mass-Spring 0.95 3.04 181 554 

D06D 2 Forehead 14.7 Mass-Spring 0.94 3.71 147 405 

D06D 2 Right Parietal 17.8 Mass-Spring 0.83 3.84 144 400 

D06D 2 Left Parietal 15.3 Mass-Spring 0.89 4.16 132 348 

D06D 2 Vertex 29.6 Mass-Spring 0.94 3.88 201 925 

D06D 2 Occiput 30.3 Mass-Spring 0.93 3.24 239 1192 

D06D 2 Forehead 30.0 Mass-Spring 0.91 4.34 180 780 

D06D 2 Right Parietal 29.6 Mass-Spring 0.63 5.48 142 552 

D06D 2 Left Parietal 30.0 Mass-Spring 0.81 5.14 150 588 

D06D 2 Vertex 15.2 Standard Linear 0.96 3.16 156 384 

D06D 2 Occiput 14.9 Standard Linear 0.97 2.58 169 432 

D06D 2 Forehead 14.7 Standard Linear 0.95 3.39 137 317 

D06D 2 Right Parietal 17.8 Standard Linear 0.95 3.98 120 278 

D06D 2 Left Parietal 15.3 Standard Linear 0.89 3.36 133 250 

D06D 2 Vertex 29.6 Standard Linear 0.94 3.67 186 780 

D06D 2 Occiput 30.3 Standard Linear 0.96 3.01 218 887 

D06D 2 Forehead 30.0 Standard Linear 0.93 4.08 169 629 

D06D 2 Right Parietal 29.6 Standard Linear 0.94 4.40 134 386 

D06D 2 Left Parietal 30.0 Standard Linear 0.82 4.57 142 428 

D06D 2 Vertex 15.2 Non-linear fluid 0.84 5.73 120 254 

D06D 2 Occiput 14.9 Non-linear fluid 0.95 4.11 152 317 

D06D 2 Forehead 14.7 Non-linear fluid 0.97 5.87 118 222 

D06D 2 Right Parietal 17.8 Non-linear fluid 0.96 6.04 117 205 

D06D 2 Left Parietal 15.3 Non-linear fluid 0.99 6.51 108 183 

D06D 2 Vertex 29.6 Non-linear fluid 0.97 4.12 266 1039 

D06D 2 Occiput 30.3 Non-linear fluid 0.97 3.23 292 1081 

D06D 2 Forehead 30.0 Non-linear fluid 0.98 4.61 235 828 

D06D 2 Right Parietal 29.6 Non-linear fluid 0.93 5.86 172 465 

D06D 2 Left Parietal 30.0 Non-linear fluid 0.99 5.62 185 530 
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Table 7-67:  Analytical model predictions of HIC, pulse duration and peak acceleration made for the 

ATD head, D06D or the 3-year-old Q3.  The predictions of the mass-spring, standard linear and non-

linear fluid models are shown.  This table shows the model results for set 3. 

Specimen Set Drop Location 

Drop 
Height 
(cm) Model 

Predication 
R2 

Model 
Pulse 

Duration 
(ms) 

Model 
Peak 

Accel (g) Model HIC 

D06D 3 Vertex 14.8 Mass-Spring 0.94 3.31 164 476 

D06D 3 Occiput 14.6 Mass-Spring 0.94 3.04 177 531 

D06D 3 Forehead 15.2 Mass-Spring 0.92 4.18 132 348 

D06D 3 Right Parietal 15.0 Mass-Spring 0.91 4.68 117 289 

D06D 3 Left Parietal 15.1 Mass-Spring 0.89 4.61 119 298 

D06D 3 Vertex 30.2 Mass-Spring 0.92 3.94 197 894 

D06D 3 Occiput 30.3 Mass-Spring 0.92 3.41 228 1115 

D06D 3 Forehead 30.4 Mass-Spring 0.87 5.04 155 624 

D06D 3 Right Parietal 30.4 Mass-Spring 0.85 5.41 144 562 

D06D 3 Left Parietal 29.7 Mass-Spring 0.83 5.54 139 526 

D06D 3 Vertex 14.8 Non-linear fluid 0.98 5.15 132 272 

D06D 3 Occiput 14.6 Non-linear fluid 0.97 4.34 144 283 

D06D 3 Forehead 15.2 Non-linear fluid 0.99 6.52 106 187 

D06D 3 Right Parietal 15.0 Non-linear fluid 0.98 7.17 95 146 

D06D 3 Left Parietal 15.1 Non-linear fluid 0.99 7.49 97 155 

D06D 3 Vertex 30.2 Non-linear fluid 0.99 4.28 259 982 

D06D 3 Occiput 30.3 Non-linear fluid 0.97 3.50 283 1011 

D06D 3 Forehead 30.4 Non-linear fluid 0.99 5.44 199 643 

D06D 3 Right Parietal 30.4 Non-linear fluid 0.98 5.73 178 507 

D06D 3 Left Parietal 29.7 Non-linear fluid 0.98 5.90 168 452 

D06D 3 Vertex 14.8 Standard Linear 0.95 3.09 157 476 

D06D 3 Occiput 14.6 Standard Linear 0.97 2.65 167 531 

D06D 3 Forehead 15.2 Standard Linear 0.94 3.81 122 348 

D06D 3 Right Parietal 15.0 Standard Linear 0.95 4.06 108 289 

D06D 3 Left Parietal 15.1 Standard Linear 0.94 4.08 110 298 

D06D 3 Vertex 30.2 Standard Linear 0.93 3.70 188 894 

D06D 3 Occiput 30.3 Standard Linear 0.96 3.05 211 1115 

D06D 3 Forehead 30.4 Standard Linear 0.91 4.62 146 624 

D06D 3 Right Parietal 30.4 Standard Linear 0.93 4.84 134 562 

D06D 3 Left Parietal 29.7 Standard Linear 0.90 4.93 128 526 
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Table 7-68:  Analytical model predictions of HIC, pulse duration and peak acceleration made for the 

ATD head, D06D or the 3-year-old Q3.  The predictions of the mass-spring, standard linear and non-

linear fluid models are shown.   

Specimen Set Drop Location 

Drop 
Height 
(cm) Model 

Predication 
R2 

Model 
Pulse 

Duration 
(ms) 

Model 
Peak 

Accel (g) 
Model 

HIC 

D07D 1 Vertex 14.0 Mass-Spring 0.96 15.25 35 45 

D07D 1 Occiput 15.2 Mass-Spring 0.96 12.78 43 65 

D07D 1 Forehead 16.5 Mass-Spring 0.77 9.29 62 116 

D07D 1 Right Parietal 14.9 Mass-Spring 0.86 5.45 100 228 

D07D 1 Left Parietal 15.2 Mass-Spring 0.85 3.77 146 406 

D07D 1 Vertex 29.2 Mass-Spring 0.94 16.61 46 100 

D07D 1 Occiput 29.2 Mass-Spring 0.94 14.45 53 123 

D07D 1 Forehead 29.2 Mass-Spring 0.38 16.68 46 99 

D07D 1 Right Parietal 30.5 Mass-Spring 0.70 8.21 95 302 

D07D 1 Left Parietal 30.5 Mass-Spring 0.76 4.85 161 663 

D07D 1 Vertex 14.0 Standard Linear 0.94 14.78 34 41 

D07D 1 Occiput 15.2 Standard Linear 0.95 12.27 42 57 

D07D 1 Forehead 16.5 Standard Linear 0.75 7.69 58 81 

D07D 1 Right Parietal 14.9 Standard Linear 0.85 4.08 92 128 

D07D 1 Left Parietal 15.2 Standard Linear 0.93 2.58 137 213 

D07D 1 Vertex 29.2 Standard Linear 0.74 19.12 40 80 

D07D 1 Occiput 29.2 Standard Linear 0.94 14.04 51 106 

D07D 1 Forehead 29.2 Standard Linear 0.46 15.43 46 91 

D07D 1 Right Parietal 30.5 Standard Linear 0.78 6.76 87 192 

D07D 1 Left Parietal 30.5 Standard Linear 0.90 3.37 152 364 

D07D 1 Vertex 14.0 Non-linear fluid 0.98 19.14 31 32 

D07D 1 Occiput 15.2 Non-linear fluid 0.99 17.23 40 51 

D07D 1 Forehead 16.5 Non-linear fluid 0.83 13.00 54 66 

D07D 1 Right Parietal 14.9 Non-linear fluid 0.93 9.20 86 106 

D07D 1 Left Parietal 15.2 Non-linear fluid 0.97 6.66 137 193 

D07D 1 Vertex 29.2 Non-linear fluid 0.97 16.30 59 125 

D07D 1 Occiput 29.2 Non-linear fluid 0.97 14.66 72 164 

D07D 1 Forehead 29.2 Non-linear fluid 0.61 16.15 64 139 

D07D 1 Right Parietal 30.5 Non-linear fluid 0.91 8.64 113 222 

D07D 1 Left Parietal 30.5 Non-linear fluid 0.96 7.02 194 400 
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Chapter 8:  Pediatric Head and Skull Contours 

and Anatomical Landmarks 
 

8.1 Introduction 

The goal of this chapter is to investigate the growth of the pediatric head by 

analyzing both anatomical locations and developing head and skull contours of the 

pediatric head.   The goal is to create equations for predicting the anatomical locations of 

various landmarks of a human head for a given age or head size, and also to produce 

average head and skull contours.  Changes in the size and shape of the head will be 

investigated and the differences in shape between male and female heads will be 

compared.  Finally, the average head contour created will be compared against current 

child ATD head contours.  The majority of this work has been published in the Stapp Car 

Crash Journal (Loyd et al. 2010). 

8.2 Background 

The ability of predictive tools such as FEMs and child ATDs to evaluate head 

injury risk depends in part on the geometric and inertial properties of the head.  To obtain 

head inertial properties of pediatric heads, adult PMHSs were used, and scaling formulas 

were developed to estimate design parameters for the child ATDs (Irwin and Mertz 1997; 

Mertz et al. 2001).  The current standard for adult head geometry is a three-dimensional 

(3D) headform produced by Hubbard and McLeod using published data of skull 

landmarks.  Skin thickness estimates were used to determine the shape and dimensions of 
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the silicon rubber layer and the resulting head shape became the standard for Hybrid III 

50
th

 percentile adult male dummies (Hubbard and McLeod 1973a; Hubbard and McLeod 

1973b; Foster et al. 1977; Backaitis and Mertz 1994b). 

In the 1980s, Robbins and Schneider produced a 50th percentile male midsagittal 

head contour, which is known as the Anthropometry of Motor Vehicle Occupants 

(AMVO) shell, as well as  midsagittal contours of a 5
th

 percentile female and a 95
th

 

percentile male(Robbins 1983).   However, these contours have not been implemented 

into Hybrid III designs. 

The geometrical standards of the child ATD heads were selected by task groups 

of the Society of Automotive Engineers (SAE), based on consensus agreements (Irwin 

and Mertz 1997; Mertz et al. 2001).  Both the SAE Hybrid III Dummy Family task force 

and the SAE CRABI task force selected the dimensions used to develop child head ATD 

prototypes based upon various child anthropometry studies (Snyder 1977; Wolanin and 

Mertz 1982; Weber et al. 1985; Schneider et al. 1986; Irwin and Mertz 1997; Mertz et al. 

2001).  The SAE task forces agreed to use these prototypes as standards for the various 

ATD head shapes and agreed to use the dimensional scaling relationships to define head 

mass and locations of the head CG and occipital condyles (Irwin and Mertz 1997; Mertz 

et al. 2001).  Though 3D patterns were used to build the child ATDs, the geometries of 

the child ATDs were based on anatomical length measurements rather than 3D 

morphometric analyses of child head contours. 
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Unlike the creation of child ATDs, which used the results of child anthropometry 

studies and scaling rules to develop pediatric head geometries, two different techniques 

have been used to create these parameters in  finite element models, two techniques have 

been used to obtain head geometry.   In one technique, a single representative 

computerized tomography (CT) patient scan of a specific age has been used to obtain 

model geometry; alternatively, in the other technique, the shape of the head has been 

simplified to a mathematically uncomplicated geometry such as a hemisphere (Margulies 

and Thibault 2000; Klinich et al. 2002). 

Due to the lack of head contours available for use in pediatric head ATD and 

finite element models, the goals of this chapter were to: (1) determine average 3D head 

and skull contours for pediatric heads of ages 1-month to 10-years using a large pediatric 

dataset with clinical CT scans, (2) compare the child ATD exterior head in the sagittal 

plane to the average pediatric head contours from CT scans, and (3) to develop equations 

for estimating the location of head anatomy.   

8.3 Methods 

This study was conducted using two sets of CT scans -- a large set of 185 clinical 

CT scans and a small set of 14 high-resolution CT scans taken of PMHSs (Table 8-1).  

The clinical CT scans were used to develop normative pediatric head and skull contour 

data.  The high-resolution CT scans and the heads of the PMHSs were used to determine 

anatomical locations.   
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Table 8-1:  Cause of death of the post mortem human subjects. 

PMHS 
ID Age Sex Cause of Death 

P03M 31-week-gestation Male Ischemic Encephalopathy; Cerebral Infarction 

P07M 33-week-gestation Male Unknown 

P06F 33-week-gestation Female 
Non-immune Hydrops Fetalis & Intracranial 

Hemorrhage 

P13F 34-week-gestation Female Unknown 

P08M 
37.5-week-
gestation Male Pulmonary Hypoplasia 

P05F 40-week-gestation Female Diaphragmatic Hernia 

P04F 40-week-gestation Female Dandy-Walker Syndrome 

P12M 5-month Male Respiratory Failure 

P14M 9-month Male COPD 

P15F 11-month Female SIDS 

P17F 22-month Female Non-Hodgkins Lymphoma 

P18M 9-year Male End-stage Renal Disease Hyperkalemia 

P21F 21-year Female Seizure disorder 

P24F 6-year Female Germ Cell Malignancy 

 

8.3.1 Head and Skull Contours 

An orthographic viewer was developed using MATLAB R2008b (The 

Mathworks, Inc., Natick, MA) to conduct the vector analysis (Figure 8-1).  The 

orthographic viewer was designed to allow 3D visualization of the head with a 3D 

isosurface and three orthogonal 2D views.  The user then defines an anatomically based 

coordinate system within the head and select a threshold for generating isosurfaces.   

From these parameters, the viewer automatically produces radial measurements from a 

selected origin within the head to the outside skin of the head or to the outer table of the 

skull at specified angle increments.  A point cloud dataset in both spherical and 

rectangular coordinates is then exported. 
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Figure 8-1:  Orthographic viewer designed in MATLAB. 

 

To populate the clinical dataset, institutional approval was given by the human 

use institutional review board (IRB).   Head CT scans of children of age 1-month to 10-

years that included the vertex and nasion were identified and stripped of all patient 

identification information (OCR 2003).  The CT scans were screened for clinical 

abnormalities by both a board-certified craniofacial surgeon and a pediatric 

neuroradiologist.  Any patients that were considered irregular or showed signs of 

craniosynostosis were excluded from the study.  If the scans did not include all of the soft 

tissues, they were used for the skull contours only.  The CT scans were grouped in age 

bins of 1 month (M), 3M, 6M, 9M, 12M, 18M, 24M, 36M, 48M, 60M, 72M, and 120M. 



 

 

433 

Two threshold values were selected for each CT scan.  For the head contours, a 

threshold was selected to include all of the soft tissue of the head with no artifacts in the 

image.  For the skull contours, a threshold was selected so that no soft tissue appeared in 

the image and no bony defects were observed.  The dorsum sellae was selected as the 

origin of the coordinate system for the head and skull contours, since it is a midsagittal 

landmark that is easily located in CT scans and provides a convenient location for the 

origin of vectors to the exterior surfaces of the skull and skin.   The vector from the 

dorsum sellae to the nasion was defined as the positive x-axis and the vertex was used to 

align the specimen about the x-axis as shown in Figure 8-2.  The y-axis was defined as 

positive from left to right relative to the midsagittal plane, while the z-axis was positive 

inferiorly in accordance with the right hand rule as seen in Figure 8-2 and Figure 8-3.   
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Figure 8-2:  Diagram of the vector analysis of the head contours illustrating the radial measurements 

from the dorsum sellae about the x-axis, phi (top left) and the y-axis, theta (top right).  Also shown is 

an example head contour point cloud that was produced using the orthographic viewer and vector 

analysis.  The origin was defined as the dorsum sellae and the x-axis was positive from the dorsum 

sellae to the nasion.  The y-axis is positive from left to right.  The z-axis is positive in the inferior 

direction.  The phi angles are about the x-axis (top left) at the dorsum sellae from 0 and 180 and the 

theta angles are about the y-axis (top right) from 0 to 210. 

 
Figure 8-3:  Standard head anatomical coordinate system. 

 

A vector analysis was then performed in which radial vector measurements were 

taken from the dorsum sellae to the outer portion of the skin in one-degree increments.  
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The range of measurements about the x-axis (phi) was from 0 to 180 and the y-axis 

(theta) from 0 to 210, generating a 3D head contour point cloud of 37,800 data points.  

Average radii were obtained at common values of phi and theta (Figure 8-2). 

For this study, the contours were combined by averaging the radii of the spherical 

coordinates (Loyd et al. 2006).  For each age group, separate averages were computed in 

three ways: using all of the CT scans, using only the male CT scans, and using only the 

female CT scans.   To compare the male and female average contours, the average root 

mean square (RMS) difference between the average male and average female contours 

was calculated.  Student’s t-tests (α=0.05, p<0.05 for significance) were performed on the 

radii at each angle to identify regions in which the male contour and the female contour 

were statistically different.  These average head and skull contours were imported into 

Geomagic
TM

 (Research Triangle Park, NC), transformed into a triangular surface mesh, 

and exported in stereolithography (STL) format. 

Next, maximum length and maximum width measurements were taken from each 

head contour.  The maximum length was found using the most extreme anterior and 

posterior points of the point cloud generated by the vector analysis.  The maximum width 

was found using the extreme right and left lateral points.  Additionally, the current head 

contours were compared to the University of Michigan Transportation Research Institute 

(UMTRI) database of pediatric head width and height measurements (Snyder 1977; 

Schneider et al. 1986).  The Schneider study was used to compare against ages 3M to 

48M, while the Snyder study was used for ages 60M to 120M.  Student’s t-tests (α=0.05, 
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p<0.05 for significance) were used to compare the Snyder and Schneider datasets against 

the current dataset for ages 3M, 6M, 9M, 12M, 18M, 24M, 36M, 48M, 60M, 72M, and 

120M to determine if the two populations were statistically different. 

 In addition, the average thickness of the soft tissues, including the scalp and 

muscles, of each specimen was calculated by subtracting the radial distances of the skull 

contour from the head contour at each point and then averaging these calculations across 

specimens (Equation 8-1). 

 



n

j

SkullHead rr
n

ThicknessScalp
1

1
 

Equation 8-1 

To relate the head contour coordinate system to the SAE head coordinate system, 

the average angle between the dorsum sellae-to-nasion vector and the Frankfort plane 

was calculated for each age group (Hubbard and McLeod 1973a; Hubbard and McLeod 

1973b; SAEJ222-1 1995) (Table 8-2) (Figure 8-4).  The Frankfort plane was defined as 

the plane through the external auditory meatus and infraorbitale. 
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Table 8-2:  The number of CT scans used for each average contour.  The orientation designates the 

average angle offset of each contour from the Frankfort plane (FP). 

 
*significant difference (p<0.05) 

#  The plus and minus show the standard deviations.  Positive FP offset means 
that the dorsum sellae-to-nasion vector is rotated superior (eyes up) to the 

Frankfort plane.  Negative means that the dorsum sellae-to-nasion vector is 

rotated inferior (eyes down) to the Frankfort plane. 
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Figure 8-4:  Illustration of the dorsum sellae-to-nasion vector (right) as compared to the Frankfort 

plane (left).  The largest averaged difference between the two vectors was 3º for the 72M contours.  

All other ages showed no statistical difference between the two angles (Table 8-2).   

 

To compare the current ATD family of dummies to CT contour data, the heads of 

four pediatric ATDs--the CRABI 12-month-old and the Hybrid III 3-year, 6-year, and 10-

year-olds--were digitized in the midsagittal plane using a MicroScribe-3Dx Digitizer 

(Imaging Technology Group, Urbana, IL).  The ATD heads were digitized from the 

nasion to the end of the occiput along the midsagittal plane, and were compared with the 

sagittal contours of the average human head. The contours were aligned with the human 

contours using the centroid of the occipital condyles (OC) as the origin and the x-axis 

parallel to the Frankfort plane.  The positions of the occipital condyle centers for the 

ATDs were located using the ATD manufacturer’s drawings and the contours were 

aligned in the Frankfort plane using the “D-plane” of each ATD (OCS 2001b; OCS 

2001a; OCS 2002; OCS 2005).  Since the occipital condyle location is a point in space 

not attached to the ATD heads, machined aluminum plates or pins were used to locate the 

OC and set up the coordinate systems in the ATDs.  An example of such a plate is shown 



 

 

439 

in Figure 8-5.  Formulas that estimated the position of the skin at the nasion in relation to 

the centroid of the occipital condyles were used to position the human CT contours.   

 

 
Figure 8-5:  Example (36M Hybrid III ATD) of the jig designed to locate the occipital condyle 

location for the child ATDs.  The occipital condyle is located by the circle in the right picture.  The 

location of the OCs was used as the origin of the ATD contours (OCS 2001b; OCS 2001a; OCS 2002; 

OCS 2005). 

 

8.3.2 Head Anatomical Positions  

To obtain the anatomical positions of the pediatric specimens, CT scans were 

performed on 14 fresh-frozen unembalmed PMHSs ranging in age from 31-weeks-

gestation to 16-years, and estimates of their head mass, center of gravity, and inertial 

properties were obtained.  The CT slice thickness was 0.625mm, which was 

reconstructed using a 0.1mm reconstruction interval, and the cross plane pixel resolution 

was 0.43mm/pixel.  The gestational ages of the neonates were estimated using a method 

prescribed by Sherwood (Table 8-11 and Table 8-12) (Sherwood et al. 2000). 
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 The DICOM data from the CT scans were imported into Amira™ 4.1 (TGS Inc., 

San Diego, CA) and each image was segmented into brain, bone, and extracranial soft 

tissue.   The bone threshold was selected by minimizing the error between the measured 

length of the physical mandible and the length of the mandible as measured on the CT.  

To find the measured length, the mandible was stripped of soft tissue and physical 

measurements were taken of the bone (Loyd et al. 2004).  The material that was inside 

and outside of the cranium was then segmented as the brain and extracranial soft tissue, 

respectively. 

The CT slices were stacked in the superoinferior direction to produce three-

dimensional isosurfaces of each segment.  The head isosurfaces were isolated from the 

neck at the occipital condyles.  The bone and extracranial soft tissue isosurfaces were cut 

at the plane of the occipital condyle and through the atlanto-occipital joint as seen in 

Figure 8-1.   This matches the dissection plane that has been used by Hubbard and 

McLeod (Figure 8-6) (Hubbard and McLeod 1973a).  Using Amira™ 4.1, the isosurfaces 

for bone, brain, and soft tissue were converted into solid tetrahedral meshes and exported 

to HyperMesh
TM

 9.0 (Altair Engineering, Troy MI).  In HyperMesh
TM

 9.0, the three 

meshes were combined into a single head model. 
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Figure 8-6:  Segmentation of the heads into three tissue densities (soft tissue, bone, and brain) to 

calculate the inertial properties.  The heads were separated from the neck at the plane of the occipital 

condyles by cutting through the atlanto-occipital joint. 
 

The standard head anatomical coordinate system was aligned with the Frankfort 

plane.  The tetrahedral mesh models were used to obtain the coordinates of head 

landmarks including the nasion, the nasion skin, the dorsum sellae, and the most superior 

aspect of the right external auditory meatus.  Since the location of the occipital condyles 

is the main reference point for all ATDs, the OC centroid was found by creating surface 

meshes and calculating the centroid of the surface area of the OCs (Figure 8-7) (Chancey 

et al. 2007).  All landmarks were referenced from the centroid of the OCs in the standard 

head anatomical coordinate system (Figure 8-3).  Mathematical formulas were developed 

to locate the nasion skin position with respect to the OC centroid in order to estimate the 

location of the head and skull contours relative to the OC centroid.  These formulas were 

used to position the current head CT contours for comparison to the child ATDs. 
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Figure 8-7:  Example of the occipital condyles segmented from the skull and example of surface mesh 

of the occipital condyles with the surface centroid calculated.  This example is of the 9-year-old 

 

8.4 Results 

 A total of 185 clinical CT scans were obtained from the Duke University Medical 

Center archives.  Between five and thirteen subjects were available per age group; 

however, despite the large sample size, none of the age groups had more than five scans 

total for both females and males (Table 8-2).   

8.4.1 Male and Female Head Contours 

 Differences in head length and width due to sex were not statistically significant 

with age (general linear model, p>0.05 for sex) (Table 8-3 and Table 8-4), but statistical 

variations were found between the male and female 3D contours for each age group 
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(Table 8-8) (Figure 8-24 to Figure 8-34) (Table 8-5).  Among the contour regions for 

which there are statistical differences, the average difference ranged from 2.7mm0.5mm 

for the 1M to 9.6mm1.7mm for the 12M (Table 8-5 and Figure 8-8).  The overall 

difference between the entire average male and female contours ranged from 2.0mm to 

6.0mm for the 6M and 3M, respectively, with the males always larger (Table 8-5). 

Table 8-3:  Average head width and length of head contours (+/- one standard deviation). 

  Head Width Head Length 

Age (months) Female Male  Both Female Male  Both 

1 105±5 104±4 104±4 128±6 125±9 127±7 

3 109±4 120±3 115±7 138±5 144±9 142±8 

6 123±0 124±4 124±3 154±2 152±3 153±2 

9 131±5 130±9 131±7 153±7 162±8 158±8 

12 132±4 134±5 131±3 159±8 175±6 167±11 

18 133±3 137±6 136±5 159±7 170±5 168±7 

24 133±4 139±5 134±5 172±12 171±10 172±11 

36 140±7 138±4 139±6 175±7 175±15 175±10 

48 143±1 147±7 147±7 168±15 182±8 180±10 

60 144±2 141±2 142±2 181±6 186±10 184±9 

72 144±5 145±4 145±5 187±10 183±6 185±8 

120 147±5 150±1 148±4 177±9 190±7 183±10 

 

  



 

 

444 

Table 8-4:  Average age (+/- one standard deviation) for the skull and head contours. 

Group Contour 
Female Age 

(Months) 
Male Age 
(Months) 

All Age 
(Months) 

1M Head 1.1±0.4 1.0±0.3 1.1±0.3 

  Skull 1.1±.04 1.0±0.3 1.1±0.3 

3M Head 2.9±0.5 3.6±0.7 3.4±0.6 

  Skull 2.9±0.5 3.6±0.7 3.4±0.6 

6M Head 6.4±0.8 6.7±1.0 6.6±0.8 

  Skull 6.6±0.7 6.7±1.0 6.7±0.8 

9M Head 9.0±1.1 9.2±0.7 9.1±0.8 

  Skull 9.0±1.1 9.2±0.7 9.1±0.8 

12M Head 12.0±0.9 13.1±1.6 12.8±1.1 

  Skull 12.5±0.4 13.2±1.4 12.7±1.3 

18M Head 18.0±1.5 17.7±1.5 17.8±1.5 

  Skull 18.7±1.9 18.0±1.7 18.2±1.7 

24M Head 23.8±1.6 25.8±1.2 24.2±1.7 

  Skull 23.8±1.8 26.1±1.8 24.7±2.1 

36M Head 36.6±3.3 35.9±3.5 36.4±3.2 

  Skull 36.1±3.6 35.3±3.8 35.7±3.6 

48M Head 48.6±2.2 48.1±3.3 48.2±3.0 

  Skull 47.5±1.7 47.9±3.2 47.8±2.7 

60M Head 60.7±3.6 60.1±3.4 60.4±3.3 

  Skull 60.7±3.6 59.7±3.4 60.0±3.4 

72M Head 75.6±5.5 71.3±1.7 73.3±4.3 

  Skull 74.7±5.4 71.1±1.6 72.8±4.1 

120M Head 116.3±7.9 121.6±1.6 118.4±6.4 

  Skull 119.6±9.2 121.6±1.6 120.3±7.2 
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Table 8-5:  Differences between the male and female head contours.  The absolute difference is the 

RMS difference between the male and female contours, while the percent difference is the percentage 

of the surface area that is statistically different.  Also, the table shows the average difference in head 

radius between males and females in the regions where these values are statistically different (Figure 

8-24 to Figure 8-48).   Note that the male heads are always larger.  # denotes that the +/- show the 

standard deviation.   
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Figure 8-8:  3D illustration showing the statistically different points between the male and female 72-

month-old head contours.  The light gray is the contour of the 72-month-old female head.  The dark 

gray designates the male contours that are statistically different from the female contours. 

 

8.4.2 Head Size and Age 

 The data for both head length and width were fit against age using a logarithmic 

regression model since both were nonlinear and always increasing.  The model for the 

head length (model ± standard deviation) is 

Head Length (mm) = (13.1±0.7)* ln(months) + (128.6± 2.3) 

Equation 8-2 

Both coefficients are statistically significant with p<0.01, with an overall model adjusted 

R
2
=0.75 and there is no evidence of lack of fit using the Durbin-Watson statistic (p>0.1). 

Graphs of the head length measurements and regression model are shown in Figure 8-9. 
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Figure 8-9:  Average maximum head length for each age group.  The error bars show the standard 

deviation for each age group (regression model is Equation 8-3). 
 

The logarithmic regression model for the head width (model ± standard deviation) 

required an additional polynomial term to achieve a statistically significant fit: 

Head Width (mm) = (-0.794±0.300)*[ln(months)]
2
 +(13.3±1.6)*ln(months) + (103±2) 

Equation 8-3 

 

Both coefficients are statistically significant with p<0.01, with an overall model 

adjusted R
2
=0.80 and there is no evidence of lack of fit using the Durbin-Watson statistic 

(p>0.1).  Graphs of the head width measurements and regression model are shown in 

Figure 8-10.  However, caution should be used when extrapolating the logarithmic model 
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past 120 months, since the model continuously increases and the human head stop 

increases in size in the around 20 years of age (Enlow 2000b; Rollins et al. 2010). 

 
Figure 8-10:  Average maximum head width (± standard deviations) for each age group (regression 

model in Figure 8-3).   

 

 A piecewise linear fit of head length to age shows that the head length had a 

regression slope of 2.10mm/month in the first 18 months and slope of only 

0.19mm/month in the next 102 months.  Likewise, the piecewise linear fit of head width 

to age had a regression slope of 1.61mm/month that decreased to 0.15mm/month over the 

next 102 months.  The scalp thicknesses versus age were modeled with a linear fit 

(p=0.001, R
2
=0.29) (Figure 8-11). 
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Scalp Thickness (mm) = 0.0182*(months) + 3.1017 
Equation 8-4 

 
Figure 8-11:  The average scalp thickness (± standard error) for each age group for both sexes 

(regression model in Equation 8-4).   

 

The measurements of the angle between the dorsum sellae-to-nasion vector and 

Frankfort plane are close to 0º for ages 1M to 120M, with a maximum average angle 

difference of 3.  For all age groups, except the 72-month-old, the Frankfort plane is not 

statistically different from the dorsum sellae-to-nasion angle (Table 8-2).  So, within the 

resolution limitations of this study, the dorsum sellae-to-nasion vector is essentially 

parallel to the Frankfort plane.   

The results for the landmarks are referenced from the OC centroid (Equation 8-5).  

The best predictor of the OC centroid-to-nasion skin location is the characteristic length.  

The x-direction of the OC centroid-to-nasion skin vector (model ± standard deviation) 

was found to be linearly related to the characteristic length (CL) with an R
2
 value of 0.96 

(Equation 8-5) (Figure 8-12).  
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OC to Nasion Skin X (cm)  = (0.0922±0.0054)*[CL (cm)] + (1.258±0.38) 

Equation 8-5 

Both coefficients in Equation 8-5 are statistically significant with p<0.01, with an 

overall model adjusted R
2
=0.95, and there is no evidence of lack of fit using the Durbin-

Watson statistic (p>0.1). 

 
Table 8-6:  Landmark data for all heads.  All landmarks are referenced from the centroid of the 

occipital condyles. 
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Table 8-7:  Landmark data for all heads.  All landmarks are referenced from the centroid of the 

occipital condyles.   

 
 

The z-direction of the OC centroid-to-nasion skin vector (model ± deviation) was 

fit with a second-degree polynomial of CL. 

OC to Nasion Skin Z (cm) =  (-3.02x10
-3

±0.63x10
-3

)*[CL(cm)]
2
  + 

(0.310±0.088)*[CL(cm)] –(9.44±2.90)
  

Equation 8-6 

 All coefficients are statistically significant with p<0.01, with an overall model 

adjusted R
2
=0.94, and there is no evidence of lack of fit using Durbin-Watson statistic 

(p>0.1). 
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Figure 8-12:  Fits of the nasion skin location relative to the location of the centroid of the occipital 

condyles as a function of the characteristic length (Equation 8-5 and Equation 8-6).   

 

 Just as the OC centroid-to-nasion skin vectors were fit, the OC centroid -to-

nasion-bone vectors were fit using the characteristic length (CL).  The x-direction was fit 

using a linear equation and z-direction was fit using a second degree polynomial fit.  The 

linear equation for the OC centroid-to-nasion bone in the x-direction was  

OC-to-nasion bone X (mm) = 0.08383*[CL(mm)] +10.6777  
Equation 8-7 

The linear equation has an adjusted R
2
=0.92 and shows no evidence of lack of fit using 

the Durbin-Watson statistic (p>0.1).  The polynomial equation for OC-to-nasion skin z-

direction was  

OC-to-nasion bone Z (mm) = 1.782x10
-4

*[CL(mm)]
2
+0.1403*[CL(mm)]-45 

Equation 8-8 



 

 

453 

The adjusted R
2
 for the z-direction of OC-to-nasion bone vector is 0.85 and demonstrates 

no evidence of lack of fit using the Durbin-Watson statistic (p>0.1).   

 
Figure 8-13:  Fits for the nasion bone location relative to the centroid of the OC as a function of the 

characteristic length (Equation 8-7 and Equation 8-8). 

 

The best predictor for the OC to External auditory meatus (EAM) was also the 

characteristic length.  The x-direction of the OC to EAM vector was fit with a linear 

equation with an R
2
 value of 0.26. However, by the Durbin-Watson statistic (p>0.09), 

there is evidence of lack of fit (Equation 8-9).   

OC-to-EAM X (mm) = -0.06039*[CL(mm)]  + 0.310±0.088*[CL(mm)]  

Equation 8-9 

 

 The z-direction of the OC to EAM vectors were fit with a 2
nd

 degree polynomial that had 

an R
2
 value of 0.91.   

OC-to-EAM Z (mm) = -1.407x10
-4

*[CL(mm)]
2
 + 0.14*[CL(mm)] -41.22  

Equation 8-10 
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Figure 8-14:  Fits of the external auditory meatus location relative to the location of the centroid of 

the occipital condyles as functions of the characteristic length.  The x-direction fit is on the left and 

the z-direction fits is on the right.   

 

 For the OC-to-dorsum sellae fits, it was found that the best predictor was the head 

width (HW).  These were the only fits where the characteristic length was not the best 

predictor.   The OC sellae-to-nasion vector fits for the x and z directions were done using 

2nd degree polynomial equations.  The x-direction equation for the OC-to-dorsum sellae 

was found to be  

OC-to-Dorsum Sellae X (mm)  = -1.356x10
-3

*[HW(mm)]
2
 + 0.3906*[HW(mm)]-7.678 

Equation 8-11 

 

The adjusted R
2
 for the fit was 0.47 (Figure 8-15).  The z-direction equation for the OC-

to-dorsum sellae was found to be  

OC to Dorsum Sellae Z (mm) = -7.019x10
-3

*[HW(mm)]
2
 +1.076*[HW(mm)]-56.6 

Equation 8-12 

 

The adjusted R2 for this fit was 0.90 (Figure 8-15).   
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Figure 8-15:  Fits for the location of the dorsum sellae relative to centroid of the occipital condyles as 

a function of maximum head width.  Note that head width was a better predictor of the dorsum sellae 

position than the characteristic length.   

 

 The last landmark fits performed were of the vertex.  Since there is no consistent 

x-direction for the position of the vertex, only fits for the z-direction were carried out.  

Both the vertex skin and vertex bone were correlated using the characteristic length and 

fitted using linear models.  The vertex skin fit had an R
2
 value of 0.97 (Figure 8-16 and 

Equation 8-13).  The vertex bone fit had an R
2
 value of 0.96 (Equation 8-14 and Figure 8-

16).   

OC to Vertex Skin Z (mm) = -0.1642*[CL(mm)]-5.539 
Equation 8-13 

 

OC to Vertex Bone Z (mm) = 0.159*[CL(mm)]-4.591 
Equation 8-14 
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Figure 8-16:  Anatomical fits of the z-direction vertex from the OC centroid to the vertex skin (left) 

and the vertex bone (right).  The R
2
 for both was the 0.97 and 0.96, respectfully.   

 

  

8.4.3 Comparisons of Sagittal Plane Head Contours 

 The head contours of both the males and the females were combined to produce 

average head contours, which were then compared to age-matched child ATDs.  Plots of 

the comparisons are given in Figure 8-17.  The contour of the 12M and 36M ATDs did 

not align well with their respective human CT contours:  only 17% of the 12M sagittal 

arc and only 44% of the 36M sagittal arc were within one standard deviation of the 

human sagittal contours.  For the 12M ATD, the difference was largest at the vertex and 

the occiput by -10mm and 18mm, respectively.  Relative to the OCs, the vertex of the 

36M ATD was 17mm inferior to that of the human CT contour.  The 72M ATD sagittal 

plane arc was within one standard deviation of the average 72M CT contour for 80% of 

the arc.  The 72M ATD differs from the human CT contour by up to 7mm in the front 

vertex region. The 120M ATD has 79% of its sagittal plane contour within one standard 
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deviation of the average 120M CT contour.  The 120M ATD sagittal plane arc had a 

difference of 10mm near the nasion and forehead. 

 
Figure 8-17:  Midsagittal plane comparisons of the current child ATDs with the human heads.   The 

units are millimeters.  The perpendicular lines and arrows show the areas of the arc that lie outside 

one standard deviation of the human CT contour.  The contours are positioned so the centroids of the 

occipital condyles are at the origin and the Frankfort plane is parallel to the x-axis. 

 

In order to provide quantitative 3D data for research and design, a total of 72 

average head and skull shells (surface meshes) were developed using Geomagic
TM

.  An 

example is shown in Figure 8-17.  For each age group, average head and skull shells were 

developed for the males, the females, and all heads (regardless of gender) total.   These 



 

 

458 

shells are all available for research use and may be downloaded at 

http://biomechanics.pratt.duke.edu/data or http://biomechanics.bme.duke.edu/contours as 

surface meshes in STL format and as point clouds in txt format.   

 
Figure 8-18:  Average head shell for both sexes for the 72-month-old created using Geomagic

TM
.  The 

blue is the in the outside of the shell and the gold is the inside of the shell.   

 

8.5 Discussion 

The goals of this chapter were to produce average head and skull contours for 

various pediatric ages and to compare the human head contours to the head contours of 

child ATDs. Secondary goals included investigating the linearity of both the increase in 

head size seen with age in the pediatric head, and changes in anatomical positions seen 

with head size in the pediatric head.   

8.5.1 Head Size and Age 

It is apparent from the regression model that the age-related increases in head 

width and length for both males and females combined can be described by a piecewise 

linear function in which the fit of ages 1M to 18M has a slope ten times larger than that 

http://biomechanics.pratt.duke.edu/data
http://biomechanics.bme.duke.edu/contours
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for the fit of ages 18M to 120M.  This non-linearity of the data was fit using logarithmic 

models that initially have fast rates of increase which quickly slow (Figure 8-9 and Figure 

8-10).  The results for the contour sizes agree with previous reports--Abbott, 

Litchtenberg, and Sgouros showed that regressions of the head size data were non-linear 

with age and that the regression slope is larger in the first 18 months (Litchtenberg 1960; 

Sgouros et al. 1999; Abbott et al. 2000). 

 For validation, the current head contour length and width results were compared 

to existing data from UMTRI of maximum head length and width of the same age 

(Snyder 1977; Schneider et al. 1986) (Table 8-8,  Figure 8-9, and Figure 8-20).  The 

current data was systematically larger than the UMTRI data for both the head length and 

width.  It was found that the maximum head length difference between current head 

contours and UMTRI data was 0.4cm,  occurring in the 24-month comparison (Snyder 

1977).  Likewise, the maximum difference in head width is 1.0cm in the 48-month 

comparison.  Overall, the average difference between the current head contours and 

UMTRI head measurements was 0.2±0.1cm for the head length and 0.6±0.2cm for the 

head width (Table 8-8).   

This dissimilarity may reflect increases in body mass observed from the time the 

UMTRI dataset was taken (mid 1970s and mid 1980s) to the time of the current dataset 

(2000s).   A second reason for the difference may be the variation in measurement 

techniques between the two studies.  For this study, the two most distant points were used 

to find the maximum width and length, while the UMTRI study took width and length 
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measures at specific locations; superior and dorsal to the external ears for head width and 

from the glabella to the opisthocranion for the head length (Snyder 1977; Schneider et al. 

1986). 

Table 8-8:  Average differences between the UMTRI head length and width measurements and the 

head length and width measurements of this study.  The Schneider study was used for ages 3M to 

48M and the Snyder study was used for ages 60M to 120M (Snyder 1977; Schneider et al. 1986) 

(Figure 8-19 and Figure 8-20). 

 

 

 
Figure 8-19:  Average head length from the current data and the UMTRI data (Snyder 1977; 

Schneider et al. 1986).  The average difference between these datasets was 2mm (Table 8-8).  The 

Schneider study was used for ages 3M to 48M and the Snyder study was used for ages 60M to 120M. 
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Figure 8-20:  Average head width from the current data and the UMTRI data (Snyder 1977; 

Schneider et al. 1986).  The average difference between these datasets is 6mm for the head width 

(Table 8-8).  The Schneider study was used for ages 3M to 48M and the Snyder study was used for 

ages 60M to 120M. 

 

A graph of the characteristic length using the UMTRI datasets is consistent with 

the size regression behavior seen in this study, with a regression slope of 0.68cm/month 

for the first 18 months and 0.05cm/month for the next 16 years (Snyder 1977; Schneider 

et al. 1986) (Figure 8-21).  The characteristic length factors in head length, head width 

and head circumference suggesting that this growth occurs generally. 

 
Figure 8-21:  Graph of characteristic head length, CL, as a function of age.  The values of CL were 

calculated using the 50
th

 percentile of the male/female head length, width and circumference data for 

the various age groups as reported by Snyder and Schneider (Snyder 1977; Schneider et al. 1986). 
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Similar non-linear regression behavior is seen in studies of head circumference 

harmonized by Rollins (Rollins et al. 2010).  A fourth degree polynomial fit using the 

natural logarithm of age was performed for both the 50% male and the 50% female 

Rollins data to compare with the current dataset (Equation 8-15).   

Average Head Circumference (mm) = (373.2±2.8) + (19.4±3.7)*ln(months) + 

(13.1±3.5)*ln(months)
2
 – (3.81±1.06)*ln(months)

3
 + (0.346±0.1)*ln(months)

4 

Equation 8-15 

 

All the coefficients are significant and the overall model had an adjusted R
2
=0.98.  

Using Equation 8-15, the head lengths were linearly correlated with head circumference 

model and produced a good fit (Figure 8-22). The new length regression model is 

Head Length (mm) = (0.396±0.021)*(Equation 8-15) + (19.4±10)  

Equation 8-16 

The statistically close relationship of this study’s head lengths to the model of 

head circumference suggests that the length regression model may be extrapolated 

beyond the range of the data to 240 months (Figure 8-22). 
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Figure 8-22:  Plot of the head length data and regression model using the Rollins analysis.  This fit 

provides estimates beyond the data up to 240M (Rollins et al. 2010). 

 

The regression of scalp thickness with age showed little non-linearity and a large 

amount of scatter.  Although the author could not identify published pediatric scalp 

thickness data, Stephan and Simpson performed a comprehensive analysis of all studies 

of pediatric soft tissue depths in other head locations and showed that the majority of the 

facial areas grow linearly with age (Stephan and Simpson 2008a; Stephan and Simpson 

2008b). 

8.5.2 Landmarks 

The current analysis provides anatomical landmark data, referenced from the 

centroid of the OC, as the head grows. The advantage of this data is that the fits of 

anatomical position are not reliant on age and are only dependent upon head size (either 

characteristic length or head width).  The second advantage to this landmark data that is it 

is referenced from the same landmark as ATD heads (OCS 2001b; OCS 2002).  This 
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allows for direct comparison to the current ATD designs and can assist in future ATD 

design.   

Another advantage stems from the ability of this landmark data to be used to 

position the average head and skull contours presented in this chapter into models.  The 

OC-to-nasion skin vector can be used to position the head contours in models when only 

external surface references are available.  The OC-to-dorsum sellae vector and the OC-to-

nasion bone vector may also be used to position the head and skull contours.  Both are 

ideal because the current average contours were developed from these reference points.  

However, because of the poor adjusted R
2
 value (R

2
=0.47) for the x-direction of the OC-

to-dorsum sellae fit, the OC-to-nasion bone fit is preferred when the contours can be 

referenced from internal anatomy.  Additionally, the EAM x-direction fits had the worst 

R
2
 value of all the fits.  This indicates that the EAM may not be the best landmark from 

which to reference other landmarks, even though the EAM has been the most frequently 

used reference point for the center of gravity and other landmark analysis (Walker et al. 

1973; Beier et al. 1980; Chancey et al. 2007). 

 

8.5.3 Vector Analysis 

Numerous techniques have been used to capture and define the shape of objects 

and biological systems including Procrustes analysis, Fourier descriptors, and least-

squares fits, which have been used for describing brain shapes.  All three have been used 

to establish brain shapes or both 2D and 3D skull shapes (Bastir et al. 2005; Baylac and 

Frieb 2005; Slice 2005; Danelson et al. 2008).  The current vector analysis technique 
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offers advantages over other existing techniques.  This technique enables the direct 

implementation of the contours into FEMs and ATDs in which surface files can be easily 

incorporated into a computer aided design (CAD) program.  Moreover, this technique 

differs in that it uses point clouds to represent the contours instead of surface grids, B-

splines, or mathematical formulas. Point clouds allow for averaging and comparisons of 

the contours to be done on a point-by-point basis without any interpolations or 

mathematical manipulations (Ateshian et al. 1991; Ateshian et al. 1992; Ateshian 1993).  

Quantitatively, this point-by-point analysis allows for significant difference analysis of 

contours on a point by point basis.  These points can be used directly to calculate the 

percentage of the surface area that is statistically different between groups.  Regions of 

significant difference can be plotted to visualize the locations where the contours are 

significantly different (Figure 8-24 to Figure 8-48).   

8.5.4 Comparisons of Sagittal Plane Head Contours 

 The current technique allows for the CT head contours to be compared to the age-

matched ATD head contours in the sagittal plane.  The point-by-point analysis allowed 

for comparisons at numerous points providing a detailed analysis of the shape, as 

opposed to standard size comparisons using length and width.  Point-by-point analysis 

has been used in morphometrics; however, it has rarely been completed using as large a 

number of points as were used in this study (37,800 in 3D and 210 in 2D) (Bastir et al. 

2005; Gunz et al. 2005; McKeown and Jantz 2005; Slice 2005).   
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 For the 12M and 36M ATDs, large proportions of the sagittal contours fell outside 

one standard deviation of the human contours.  This difference was a result of the ATD 

occipital condyles being too close vertically to the nasion and vertex of the head.  This 

effectively shifted the ATD contours 10 and 18mm below the human head contours 

(Figure 8-17).   The results of this alignment were confirmed by minimizing the area 

between the age-matched contours while allowing the ATD contour to translate freely 

and constraining the contour from rotating–keeping both contours aligned in the 

Frankfort plane.  Yet, even when the ATD contours were aligned with their age-matched 

contours using the least-squares minimization, the 12M and 36M ATD contours still 

differed from the pediatric contours by more than 10mm (Figure 8-23 and Table 8-9).   

These differences in head shape may change the contact locations during impact. 

This could alter the moments experienced on the neck due to slight changes in the 

moment arm.  While these differences could be considered small, their effect during 

impact should be investigated further.  The calculations showing where the ATD 

occipital condyles should be positioned are given in Table 8-10.    
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Figure 8-23:  Midsaggital plane comparison of the ATD and human contours after minimizing the 

area between the two contours.  The red dots are the human occipital condyle centroids and the blue 

dots are the ATD occipital condyle location and are pointed out using the arrows.  The dotted black 

lines are ATD contours and the blue lines are the human contours.  The X and Z OC location 

differences are shown in Table 8-9.   

 

 



 

 

468 

Table 8-9:  Difference between the OC centroid locations of the age-matched average human CT 

contours and the ATD contours in the sagittal plane; the sagittal contours were minimized by a least 

squares fit of the area between the two contours.  Positive Z and X values indicates that the OC 

centroid is superior (+Z) and anterior (+X) to the human OC centroid in the CT contour. 

 

Table 8-10:  Estimates of what the head size and location of the occipital condyle for each ATD age 

should be.  The head length, width, and circumference were taken from 50
th

 percentile of the age 

group from the following references (Hubbard and McLeod 1973a; Snyder 1977; Schneider et al. 

1983). 

 

8.5.5 Limitations 

One study limitation is that the dorsum sellae was set as the reference point for all 

contours.  A different selection of reference points may influence the results (Kimmerle 

and Jantz 2005; Slice 2005; Wescott and Jantz 2005).  The second limitation is that the 

contour analysis was limited by the sample size of each age group (Chapter Appendix). 

Thus, caution should be used when considering the difference between the sexes across 

age groups.  Because of the small sample size, these results should be considered 

inconclusive until a larger study may be completed.  The third limitation is that the 

current averaging technique smoothes the contours of the head and skull.  If any small, 
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but anatomically consistent, geometric features exist in the head, the current technique 

may smooth them out.  However, the current contours analyze the regions of the skull 

above the nasion where such characteristics are infrequent. 

8.6 Conclusions 

This chapter presents valuable and previously unavailable quantitative data on the 

morphometric properties of the pediatric head.  Before this study, no extensive data had 

been produced on the 3D contour of the pediatric head.  The average head and skull 

shells are available for research use at Duke University’s Injury and Orthopaedic 

Biomechanics Laboratory website:  http://biomechanics.pratt.duke.edu/data or 

http://biomechanics.bme.duke.edu/contours (Figure 8-18). The average head and skull 

contours can be used to study injury by implementing them in FEMs and to design the 

shape of future ATD heads.   

This chapter also provides relationships for estimating anatomical locations in the 

head that are referenced from the OC (Equation 8-5 to Equation 8-14 and Figure 8-12 to 

Figure 8-16).  The regression fits of the pediatric head sizes were found to be non-linear 

with different regression slopes from ages 1M to 18M and from 18M to 120M.  Formulas 

that predict how the head increases in size with age are presented for both the head width 

and length (Equation 8-2 and Equation 8-3).  This data could be used in future iterations 

of ATD design, particularly since the anatomical locations of the head presented are all 

located relative to the occipital condyles.   

http://biomechanics.pratt.duke.edu/data
http://biomechanics.bme.duke.edu/contours
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The 12M CRABI and 36M Hybrid III heads were found to be different from the 

average human CT contours due to the differences in placement of the occipital condyle 

relative to the nasion (Figure 8-17, Figure 8-23, and Table 8-9). 

8.7 Appendix 

8.7.1 Estimated Ages 

Table 8-11:  Variables used to estimate the gestation age as presented by Sherwood (Sherwood et al. 

2000).  The correlation and standard error of each fit are shown.   

 

Table 8-12:  Estimated ages for the neonates where the gestational age was not reported.  The 

gestational age was found using the fits reported by Sherwood (Sherwood et al. 2000) and Table 8-11.   
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8.7.2 Head Contours 

 
Figure 8-24:  3D illustration showing the statistically different points between the male and female 1-

month-old head contours.  The grey points are the average 1-month-old female head contour and the 

black points are the points of the 1-month-old male head contour that are statistically different from 

the female contour. 

 
Figure 8-25:  3D illustration showing the statistically different points between the male and female 3-

month-old head contours. 

 

 
Figure 8-26:  3D illustration showing the statistically different points between the male and female 6-

month-old head contours.   
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Figure 8-27:  3D illustration showing the statistically different points between the male and female 9-

month-old head contours.   

 

 
Figure 8-28:  3D illustration showing the statistically different points between the male and female 

12-month-old head contours.   

 

 
Figure 8-29:  3D illustration showing the statistically different points between the male and female 

18-month-old head contours.   
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Figure 8-30:  3D illustration showing the statistically different points between the male and female 

24-month-old head contours. 

 
 

 
Figure 8-31:  3D illustration showing the statistically different points between the male and female 

36-month-old head contours. 

 

 
Figure 8-32:  3D illustration showing the statistically different points between the male and female 

48-month-old head contours.   
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Figure 8-33:   3D illustration showing the statistically different points between the male and female 

60-month-old head contours.     

 

 
Figure 8-34:  3D illustration showing the statistically different points between the male and female 

120-month-old head contours.   
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Figure 8-35:  Comparison of the average human head contours.  The plots on the left are in the 

coronal plane and the plots on the right are in the sagittal plane.  The figure shows the 1M, 3M, 6M, 

24M, 36M, 48M, and 120M contours.  The units are millimeters. 
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Figure 8-36:  Comparison of the average human head contours.  The plots on the left are in the 

coronal plane and the plots on the right are in the sagittal plane.  The figure shows the 9M, 12M, 

18M, 60M, 72M, and 120M head contours.   The units are millimeters. 
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8.7.3 Skull Contours 

 
Figure 8-37:  3D illustration showing the statistically different points between the male and female 1-

month-old skull contours.  The grey points are the average 1-month-old female skull contour and the 

black points are the points of the 1-month-old male skull contour that are statistically different from 

the female contour. 

 

 
Figure 8-38:  3D illustration showing the statistically different points between the male and female 3-

month-old skull contours. 

 

 
Figure 8-39:  3D illustration showing the statistically different points between the male and female 6-

month-old skull contours. 
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Figure 8-40:  3D illustration showing the statistically different points between the male and female 9-

month-old skull contours. 

 
Figure 8-41:  3D illustration showing the statistically different points between the male and female 

12-month-old skull contours. 

 

 
Figure 8-42:  3D illustration showing the statistically different points between the male and female 

18-month-old skull contours. 
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Figure 8-43:  3D illustration showing the statistically different points between the male and female 

24-month-old skull contours. 

 

 
Figure 8-44:  3D illustration showing the statistically different points between the male and female 

36-month-old skull contours. 

 

 
Figure 8-45:  3D illustration showing the statistically different points between the male and female 

48-month-old skull contours. 
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Figure 8-46:  3D illustration showing the statistically different points between the male and female 

60-month-old skull contours. 

 

 
Figure 8-47:  3D illustration showing the statistically different points between the male and female 

72-month-old skull contours. 

 

 
Figure 8-48:  3D illustration showing the statistically different points between the male and female 

120-month-old skull contours. 
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Figure 8-49:  Comparison of the average human skull contours.  The plots on the right are in the 

coronal plane and the plots on the left are in the sagittal plane.  The figure shows the 1M, 3M, 6M, 

24M, 36M, 48M, and 120M contours.  The units are millimeters. 
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Figure 8-50:  Comparison of the average human skull contours.  The plots on the right are in the 

coronal plane and the plots on the left are in the sagittal plane.  The figure shows the 9M, 12M, 18M, 

60M, 72M, and 120M skull contours.   The units are millimeters. 
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Chapter 9:  The Inertial Properties of the 

Pediatric Head 
9.1 Introduction 

 The goal of this chapter is to investigate the inertial properties of the pediatric 

head. The CT method will be used to obtain the locations of the center of gravity and the 

moment of inertia tensors for a collection of pediatric heads.   The inertial properties will 

then be investigated to see how they change with age and head size.   

9.2 Background 

Some of the most vital properties for developing accurate head and neck finite 

element models and  head and necks for ATDs  are the inertial properties of the head 

(Dibb 2011a).  These properties, such as center of gravity (CG), mass and moment of 

inertia (MOI), govern the kinematics of the head as well as the moment and loads on the 

neck during frontal impact (Ewing and Thomas 1972; Dibb 2011b).  For example, the 

position of the center of gravity affects how the head will respond during impact and 

head mass is directly proportional to the load on the neck .Likewise, a correct moment of 

inertia leads to correct angular accelerations of the head during impact (Dibb 2011c).   

The inertial properties of the average adult head have been extensively studied 

and analyzed (Walker et al. 1973; Beier et al. 1980; Prasad et al. 1985; Yoganandan et al. 

2009).  Walker was the first to conduct a full study of the center of gravity (CG) and 

moment of inertia about the y-axis in the y-direction (Iyy) of the adult human head.   Beier 
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followed up on this study and extended it to include moment of inertial values about the 

x-axis in the x-direction (Ixx) and z-axis in the z-direction (Izz) using the standard 

anatomical coordinate system (Figure 9-1).  Prasad further extended this work by 

analyzing the inertial properties of the adult head and calculating the Ixx, Iyy, and Izz 

values for the 50th percentile male.  Comprehensive analysis of the research performed 

for inertial properties of the adult head has been presented by Yoganandan and Prasad 

(Prasad et al. 1985; Yoganandan et al. 2009).   

 
Figure 9-1:  Standard head anatomical coordinate system. 

 

However, for the pediatric head, little data exist on its inertial properties -- only a 

few measurements of the neonate head have been obtained (Prange et al. 2004; Loyd et 

al. 2005).  It is currently unknown what the inertial properties are for children six-month-

old to 18-years-old and it is unclear how these inertial properties change with age.  As a 

substitute for the actual pediatric head data, scaling rules were developed to estimate the 

mass, moment of inertia and location of the center of gravity of the pediatric head.  These 
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scaling rules were used to create standard head inertial properties for pediatric ATDs, 

which are currently used today.     

The inertial properties of the head can either be measured mechanically or 

estimated computationally using computed tomography (CT) (Albery and Whitestone 

2003).  For the mechanical method, the mass is measured directly and the center of 

gravity (CG) is measured using two-point suspension or a stereotaxic jig with a knife-

edge balance (Mertz 1967; Walker et al. 1973; Beier et al. 1980).  The moment of inertia 

(MOI) may be calculated by swinging the head using two-point suspension (Walker et al. 

1973).  Additionally, the MOI can be directly measured using a torsional pendulum 

(Mertz 1967) or a moment table (Albery and Whitestone 2003).  These techniques are 

accurate if the head is carefully prepared to prevent fluid loss (Beier et al. 1980).  An 

inherent assumption in all of the mechanical method techniques is that the head is a rigid 

body.   

The CT method uses scans to create three-dimensional solid models of the head, 

and uses density estimates to calculate the CG location and MOI (Wei and Jensen 1995; 

Zhang et al. 2002; Albery and Whitestone 2003).  Albery and Whitestone validated the 

CT method by comparing its results to those obtained from a moment table (Albery and 

Whitestone 2003).  They found that the CT method estimated the mass, MOI, and CG 

locations with average errors of 2.8%, 5.52%, and 1mm, respectively.  A preliminary 

study of the effectiveness of both the CT method and mechanical method on the pediatric 

head was done by Loyd (Loyd et al. 2005).  It was found that for the pediatric head, the 
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CT method was more accurate, because the sutures present on the pediatric head allow 

the head to deform and violate the rigid body assumption.  It was also found that the CT 

method provides a reference geometry for calculating the inertial properties—which is 

useful for pediatric heads prone to deformation.     

For the accuracy of ATD and FEM heads, there is a need to provide direct 

measurements of inertial properties of the pediatric head between the ages of 6-months-

old and 18-years-old.  Hence, the goals of this chapter were to: (1) provide measurements 

of the pediatric head inertial properties from post mortem human specimens (PMHSs) 

and (2) develop fits to estimate the inertial properties of the human head based on head 

size.   

9.3 Methods 

 A collection of pediatric heads was used in this study.  The heads were CT 

scanned and the CT scans were analyzed to obtain the mass, CG, and MOI tensors.  The 

data was then analyzed to identify the changes in inertial properties with age and 

characteristic length.   

First, a collection of fresh-frozen pediatric post mortem human specimen heads 

was collected from nonprofit donor institutions including Duke University.  The heads 

were CT scanned before any testing was conducted (Luck et al. 2008).  The CT slice 

thickness was 0.625mm which was reconstructed using a 0.1mm reconstruction interval, 

and cross plane pixel resolution of 0.43mm/pixel.  The DICOM data from the CT scans 

were imported into Amira™ 4.1 (TGS Inc., San Diego, CA) and each image was 
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segmented into brain, bone, and extracranial soft tissue (Figure 9-2).   The bone threshold 

was set by stripping the mandible of soft tissue and taking physical measurements of the 

bone.  The bone threshold was selected by minimizing the error between the measured 

lengths of the mandible and the mandible’s lengths as measured  by CT (Loyd et al. 

2004).  The material that was found inside and outside of the cranium was then 

segmented as the brain and extracranial soft tissue, respectively (Figure 9-2).  

Additionally, using Amira and CT scans, the gestational ages of the neonates were 

estimated using the method prescribed by Sherwood (Sherwood et al. 2000).   

Table 9-1:  Specimens used in the CT method to measure the moment of inertia. 

Specimen ID Age Sex Race Cause of Death 

P13F 34-week-gest. F Unknown Unknown 

P07M 33-week-gest. F Unknown Unknown 

P08M 37.5-week-gest. M Caucasian Pulmonary hypoplasia 

P05F 1-day-old F Caucasian Diaphragmatic hernia 

P03M 3-day-old M Caucasian 
Ischemic encephalopathy; 

cerebral infarction 

P06F 11-day-old F Black 
Non-immune hydrops fetalis;  

intracranial hemorrhage 

P04F 24-day-old F African Dandy Walker syndrome 

P12M 5-month-old M Black Respiratory failure 

P14M 9-month-old M Black 
Chronic obstructive pulmonary 

disease 

P15F 11-month-old F Caucasian SIDS, renal failure 

P17F 22-month-old F Caucasian Non-Hodgkins lymphoma 

P24F 6-year-old F Black Germ cell malignancy 

P18M 9-years-old M Black 
End stage renal disease; 

secondary:  Hyperkalemia 

P21F 16-years-old F Caucasian Seizure disorder 

Totals 14 
5(M) 
9(F) 
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Figure 9-2:  Example CT scan segmented into three parts: brain, bone and soft tissue. 

The CT slices were stacked in the superoinferior direction to produce three-

dimensional isosurfaces of each segment.  The head isosurfaces were isolated from the 

neck at the occipital condyles.  The bone and extracranial soft tissue isosurfaces were cut 

at the plane of the occipital condyle and through the atlanto-occipital joint as seen in 

Figure 9-3.   This matches the dissection plane that has been used by Hubbard and 

McLeod (Figure 9-3) (Hubbard and McLeod 1973a).  Using Amira™ 4.1, the isosurfaces 

for bone, brain, and soft tissue were converted into solid tetrahedral meshes and exported 

to HyperMesh
TM

 9.0 (Altair Engineering, Troy MI).  In HyperMesh
TM

 9.0, densities were 

assigned to each mesh and the three meshes were combined into a single head model. 
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Figure 9-3:  The heads were segmented into three tissue densities (soft tissue, bone, and brain) to 

calculate the inertial properties.  The heads were separated from the neck by cutting at the plane of 

the occipital condyles through the atlanto-occipital joint. 

 

For the soft tissue, a density value of 1100 kg/m
3
 was used (Clauser et al. 1969).  

For the brain, Lescot produced density values of 1037 and 1028 kg/m
3
 for the white 

matter and grey matter, respectively (Lescot et al. 2005).  The densities of the white and 

gray matter values were averaged together to produce a density of 1033 kg/m
3
 that was 

used for all specimens.  Where available, bone density values were obtained from age-

matched data reported  by Kriewall (Kriewall 1982).  For specimen older than newborns, 

estimates of the bone density were found by linearly extrapolating the full-term skull 

density to the adult skull density over 18 years (Peterson and Dechow 2003a), as given in 

the following: 

Skull Density (kg/m
2
) = -15.666 * age (years) +2087 

Equation 9-1 

                 

 In calculating the inertial properties of the head, the standard head anatomical 

coordinate system was aligned with the Frankfort plane.  The mass, MOI tensor and 

principle direction, and CG were determined by numerically summing the products of 

each voxel volume and its corresponding density.  Since the location of the occipital 

condyles (OCs) is the main reference point for all ATDs, the centroid of the OCs   was 
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found by creating surface meshes and calculating the centroid of the surface area (Figure 

9-4 and Chapter 8) (Chancey et al. 2007).  The CG locations were all reported relative to 

this location.   

 
Figure 9-4:  Example of a surface mesh of the occipital condyles with the surface centroid calculated. 

 

The results for the mass and MOI estimates about the x-axis, y-axis and z-axis 

were then plotted against characteristic length (CL) and fitted with models.  Values of 

4.54kg and 92.3cm were used for the average adult mass and characteristic length, 

respectively.  For the average adult Ixx, Iyy and Izz, values of 0.0224kg*m
2
, 0.0255kg*m

2
 

and 0.0166kg*m
2
 were used from Prasad (Table 9-2) (Hubbard and McLeod 1973a; 

Beier et al. 1980; Prasad et al. 1985; Mertz et al. 1989).  To get the average CG location 

for the adult head, the location of the center of gravity relative to the external acoustic 

meatus (EAM) and the average EAM location relative to the occipital condyles were 

taken from literature and combined to produce an average adult OC-to-EAM vector 

(Beier et al. 1980; Chancey et al. 2007).  All statistical analyses were performed using 

Minitab v.15 (Minitab, State College, PA) and JMP v.8 (SAS, Cary, NC). 
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Table 9-2:  Values used for the average adult head properties.   

Property Average Adult Value Reference 

Mass 4.54kg (Prasad and Mertz 1985; Mertz et al. 1989) 

Characteristic length 92.3cm (Hubbard and McLeod 1973a) 

Ixx 0.0224kg*m2 (Prasad et al. 1985) 

Iyy 0.0255kg*m2 (Prasad et al. 1985) 

Izz 0.0166kg*m2 (Prasad et al. 1985) 

 

9.4 Results  

The results of the skull density estimates and gestational age estimates for each 

head are shown in Table 9-3.  The result for the center of gravity analysis relative to the 

OCs for the adult head is shown in Table 9-4.   The results of the head mass and moment 

of inertia measurements are given in Table 9-5.   
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Table 9-3:  The skull density values used to find the CG and MOI.  The densities were taken from the 

literature or from Equation 9-1.  The estimated gestational ages were found using the technique 

prescribed by Sherwood (Sherwood et al. 2000). 

Specimen Reported Age Estimated Age 
Estimated Skull 
Density (kg/m

3
) Source 

P03M 3-day-old 31-week-gestation 2173 (Kriewall 1982) 

P07M 33-week-gestation   2150 (Kriewall 1982) 

P06M 11-day-old 33-week-gestation 2150 (Kriewall 1982) 

P13F 34-week-gestation   2150 (Kriewall 1982) 

P08M 37.5-week-gestation   2150 (Kriewall 1982) 

P04F 24-day-old 40-week-gestation 2083 (Kriewall 1982) 

P05F 1-day-old 40-week-gestation 2083 (Kriewall 1982) 

P12M 5-month   2080 Extrapolation 

P14 9-month   2075 Extrapolation 

P15M 11-month   2073 Extrapolation 

P17F 22-month   2058 Extrapolation 

P24F 6-year   1978 Extrapolation 

P18M 9-year   1947 Extrapolation 

P21F 16-year   1836 Extrapolation 

 

Table 9-4:  The vectors used to get the average adult OC-to-CG vector.  The analysis of how this 

vector was derived is shown in Section 9.8.2 of the appendix (Table 9-7 to Table 9-10).  

Reference Vectors X (cm) Z (cm) 

(Chancey 2005; Chancey et al. 2007) OC-C2 COR to EAM 1.51 -3.25 

(Beier et al. 1980) EAM to CG 0.87 -3.16 

 
OC to CG 2.38 -6.41 
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Table 9-5:  The moment of inertia, center of gravity, mass and characteristic length measured for 

each pediatric specimen using the CT method.  The adult values come fromthe literature; an analysis 

of the CG location is located in the appendix(Section 9.8.2).  The CG locations are reported with 

reference to the centroid of the occipital condyles and are denoted using *.  All heads were aligned in 

the anatomical coordinate system.  The length measurements and characteristic length calculations 

are given in Table 9-7. 

    

CG Location 
(mm)* Moment of Inertia (Kg*m

3
) 

Specimen Age 
Characteristic 
Length (mm) 

Mass 
(kg) X Z Ixx Iyy Izz 

P03M 31-week-gest. 492 0.62 11.2 -31.2 6.68E-04 7.30E-04 6.15E-04 

P07M 33-weeks-gest. 479 0.55 15.3 -35.0 5.40E-04 6.30E-04 5.22E-04 

P06F 33-weeks-gest. 551 0.89 12.2 -38.6 1.33E-03 1.40E-03 1.17E-03 

P13F 34-weeks-gest. 476 0.59 9.3 -31.8 6.03E-04 7.70E-04 5.65E-04 

P08M 
37.5-weeks-

gest. 580 0.96 13.7 -27.8 1.32E-03 1.60E-03 1.35E-03 

P04F 40-weeks-gest. 690 1.75 11.6 -48.3 3.66E-03 5.04E-03 3.75E-03 

P05M 40-weeks-gest. 532 0.86 10.3 -32.6 1.12E-03 1.40E-03 1.12E-03 

P12M 5-months 648 1.49 10.1 -39.4 2.84E-03 3.30E-03 2.70E-03 

P14M 9-months 733 2.42 9.7 -48.1 6.35E-03 8.00E-03 6.10E-03 

P15F 11-months 715 1.86 6.5 -44.2 3.90E-03 4.80E-03 4.10E-03 

P17F 22-months 805 2.68 8.5 -51.8 7.20E-03 9.38E-03 7.40E-03 

P24F 6-years 857 3.19 8.5 -53.1 1.00E-02 1.23E-02 9.83E-03 

P18M 9-years 792 3.09 19.2 -49.0 9.50E-03 1.19E-02 9.30E-03 

P21F 16-years 903 4.42 9.6 -44.9 1.80E-02 2.28E-02 1.70E-02 

  Adults 923 4.54 23.9 -64.1 2.24E-02 2.55E-02 1.66E-02 

 

All of the mass and MOI measurements increased with characteristic length.  A 

2nd degree polynomial fit of the mass correlated with the characteristic length and 

produced an R2 of 0.98 (Figure 9-5).  The equation to fit the mass was Equation 9-2:   

     (  )              [  (  )]          [  (  )]        
Equation 9-2 
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Figure 9-5:  Mass estimate from PMHS CT measurements versus characteristic length using a 2
nd

 

polynomial fit (Equation 9-2).  The R
2
 value is 0.98.  The adult mass was included in all analysis 

(Table 9-5).   

 

Similarly, the MOI values were fitted with 2
nd

 degree polynomials that were 

functions of the CL.  The R
2
 values were 0.95, 0.96, and 0.97 for the fits of Ixx, Iyy and Izz, 

respectively.  The equations for each fit are given below:   

   (    
 )             [  (  )]             [  (  )]          

Equation 9-3 

 

   (    
 )            [  (  )]            [  (  )]          

Equation 9-4 

 

   (    
 )             [  (  )]             [  (  )]         

Equation 9-5 
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Figure 9-6:   Iyy estimate from PMHS using the CT method versus characteristic length (Equation 9-

4).  The R2 value is 0.96.  The adult Iyy was used for all analysis (Table 9-5).   
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Figure 9-7:  Ixx (left) and Izz (right) versus the characteristic length (Equation 9-3 and Equation 9-5) 

(Table 9-5).  The adult values were used for all analysis (Prasad et al. 1985).   

 

The OC-to-CG vector in the x direction was not well correlated with characteristic 

length.  A linear fit produced a R2 value of 0.04 (Figure 9-8).  The linear fit of the OC-to-

CG in the z direction, though, was correlated with characteristic length and produced an 

R2 value of 0.78 (Figure 9-9 and Equation 9-6).   

                   [  (  )]         
Equation 9-6 
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Figure 9-8:  Graph of the OC-to-CG X direction with a linear fit.  The linear fit produced a R

2 
value 

of 0.04.   

 

 

Figure 9-9:  Graph of the OC-to-CG Z direction with a linear fit (Equation 9-6).  The R
2 

value was 

0.78.   

 

9.5 Discussion 

 The goals of this study were to produce mass, MOI, and CG information for the 

pediatric head and to develop correlations that can be used for estimating inertial 

properties based on head size.     
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 For the inertial properties of the human head, only adult values have been 

previously published as references for comparison.  However, judging from the mass and 

moment of inertia fits, the reported adult values are in agreement with the results of this 

study.  The adult MOI and mass values followed the pattern of increase with increasing 

head size with the pediatric heads. Overall, the correlations and changes with age 

behaved as expected, as the mass and MOI measurements increased with head size and 

the older heads had higher values for these parameters (Table 9-5 and Figure 9-10).  This 

behavior is expected, since the density of the brain and soft tissue is not expected to 

change with age, while the mass will increase with age due to added volume. In a similar 

manner, the moment of inertia will also increase with due to added mass and radius of 

gyration (Hibbeler 2007).   

 
Figure 9-10:  Characteristic head length (CL) as a function of age. This plot illustrates that the size of 

the head increases with age. The values of CL were calculated using the 50
th

 percentile of the 

male/female head length, width, and circumference data for the various age groups reported by 

Snyder and Schneider (Snyder 1977; Schneider et al. 1986).  Graph was taken from Chapter 8.  

 

 The CG in the z-direction was also correlated with the head size, as it moved 

more superiorly with increased head size.  This is probably due to an increase in cranial 
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volume and the change in shape of the head with increasing age from more spherical to 

more oval (Figure 9-10) (Silau et al. 1995).  The increase volume would cause the center 

of gravity to rise relative to the OCs, because the OCs are located at the base of the skull.  

The shape change would cause the CG to change because the head width narrows more 

with age relative to the other dimensions, and hence the CG would elevate relative to the 

OCs.  However, the OC-to-CG vector in the x-direction was not correlated with 

characteristic length and appears to be unrelated to head size.  One possible reason for 

this surprising result  could be that the growth of the mandible may cause the CG to move 

anteriorly, while the growth of the cranial vault and expansion of the sinuses may cause 

the CG to move posteriorly (Bjork and Skieller 1983; Enlow 2000b; Rollins et al. 2010).  

These two effects may counteract each other, thus leading to no dependence of the OC-

to-CG vector in the x direction upon characteristic length, however this theory will need 

to be tested.   

There are several advantages to and uses for the current collection of data.  The 

fits provide data that can be directly used to estimate head mass, head moment of inertia, 

and the CG position relative to the occipital condyles.   The calculations can be carried 

out simply by using anthropometry data (Snyder 1977; Rollins et al. 2010).  Also, the 

reason for selecting  the occipital condyles as reference points was to make this data 

directly applicable for ATD development, as the OC centroid is the current reference and 

rotation point for ATD heads (OCS 2001b; OCS 2001a; OCS 2002; OCS 2005).  

Additionally, Chancey et al. found that there was no statistical difference between the OC 
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centroid and center of rotation of the OC-C2 joint  in the adult (Chancey et al. 2007).  It 

is possible that this could be true for pediatric heads as well. In addition, the fits provide 

design targets for child ATDs of various represented ages (Table 9-6).  The last 

advantage of the current collection of data is that the CT method was used to produce the 

inertial properties.  This technique has been validated and is more reliable for use on the 

pediatric head  (Albery and Whitestone 2003; Loyd et al. 2005).  Additionally, the 

technique provided a reference geometry of each head with all results.   

Table 9-6:  Moment of inertia values that are recommended as design criteria based on the inertial 

property fits.  * denotes that the value is given relative to the centroid of occipital condyles.  All 

values are in reference to the standard anatomical coordinate system.   

ATD  
Represented Age 

Characteristic 
Length (mm) Mass (kg) 

CGz 
(mm)* Ixx (kg*m

2
) Iyy (kg*m

2
) Izz (kg*m

2
) 

6-month 711 1.96 -44.5 4.21E-03 5.45E-03 4.47E-03 

12-month 753 2.37 -46.9 6.32E-03 7.97E-03 6.21E-03 

18-month 779 2.64 -48.4 7.86E-03 9.80E-03 7.46E-03 

36-month 808 2.97 -50.0 9.80E-03 1.21E-02 9.00E-03 

72-month 830 3.23 -51.33 1.14E-02 1.40E-02 1.03E-02 

120-month  856 3.56 -52.8 1.35E-02 1.64E-02 1.19E-02 

 

9.5.1 Limitations 

There are limitations to this study.   There are potential sources of error in the 

densities and formation of the three meshes of the model; brain, bone and extracranial 

soft tissue.  The “extracranial soft tissue” included the skin, fat and muscular structure of 

the face.  The “brain” included both the brain and intracranial fluid.  The bone was 

selected by thresholding out the bone.  Lumping material together in these segments 

made selecting appropriate densities to represent the extracranial soft tissue and brain 
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difficult.  However, a sensitivity study was performed that showed that errors as high as 

25% for the density of each segement produced errors in the mass and MOI of only 13% 

and 8% respectively (Loyd et al. 2005).     

Arguably, the CT method can suffer errors owing to deformation under gravity.  

To address this concern, the PMHS heads were in a frozen state when CT scans were 

done and as was stated early the method provides a reference geometry.  The last major 

limitation with this dataset is that the MOI and CG measurements represent a small 

sample size spread over a wide range of ages (Table 9-1).  This is due to the challenge in 

obtaining pediatric PMHSs, as it took more than 15 years to obtain these pediatric 

PMHSs.      

9.6 Conclusions 

This study presents valuable and previously unavailable quantitative data on the 

inertial properties of the pediatric head.  Prior to this study, no extensive data had been 

produced on the inertial properties of the pediatric head.  This study has provided the CG 

and inertial matrix for 14 pediatric heads (Chapter 9 appendix).  Models were developed 

to calculate the mass moment of inertia for the three orthogonal directions, head mass and 

center of gravity in the z-direction as a function of head characteristic length (Equation 9-

2 to Equation 9-6).  These fits can be directly merged with anthropometry data to produce 

inertial property estimates (Robbins 1983; Schneider et al. 1983).  Although a fit was 

developed to predict the z- location of the center of gravity, the x-direction of center of 

gravity was found not to correlate with head size (Figure 9-8 and Figure 9-9).  Lastly, 
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recommendations were made for the inertial properties of all child ATD heads (Table 9-

6).    

9.7 Appendix 

Table 9-7:   Head width measurements, and head circumference measurements, and characteristic 

length calculations for each pediatric head.  These values were used for mass, CG and MOI fits.   

Specimen Age 

Head 
Length 

(cm) 

Head 
Width 
(cm) 

Circumference 
(cm) 

Characteristic 
Length (cm) 

P03M 31-weeks-gestation 10.3 8.5 30.4 49.2 

P07M 33-weeks-gestation 9.9 8.4 29.6 47.9 

P06F 33-weeks-gestation 10.8 9.5 34.8 55.1 

P13F 34-weeks-gestation 10.7 7.2 29.7 47.6 

P08M 37.5-weeks-gestation 12.6 9.6 35.8 58.0 

P04F 40-weeks-gestation 16.4 10.0 42.6 69.0 

P05M 40-weeks-gestation 10.8 9.0 33.4 53.2 

P12M 5-months 13.1 10.9 40.8 64.8 

P14M 9-months 14.8 12.0 46.5 73.3 

P15F 11-months 14.8 12.2 44.5 71.5 

P17F 22-months 17.3 13.2 50.0 80.5 

P24F 6-years 17.0 14.2 54.5 85.7 

P18M 9-years 16.9 13.0 49.3 79.2 

P21F 16-years 19.2 14.5 56.6 90.3 

Adult Adult 19.6 15.5 57.2 92.3 

 

9.7.1 Derivation of the Adult Center of Gravity Location  

 To position the average adult head CG location relative to the occipital condyles 

(OC-to-CG), two types of data need to be merged: average adult data of the external 

acoustic meatus to center of gravity (EAM-to-CG) vector and average adult data of the 

centroid of the occipital condyles to the EAM (OC-to-EAM) vector.  For the OC-to-EAM 

vector, Chancey has produced the only dataset (Chancey et al. 2007).  For the EAM-to-
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CG vector, two large-scale PMHSs studies exist:  one by Walker and one by Beier 

(Walker et al. 1973; Beier et al. 1980).   

 A comparison of the center of gravity of all of the male heads measured in the  

Beier study to the CG measurements in the Walker study showed that the two data were 

statistically different (student t-test p<0.05), and that therefore the two datasets could not 

be averaged together.   Instead, the males of the Beier study were used to get the CG-to-

EAM vector.  The Beier study was selected because the researchers in that study took 

care not to lose fluid during testing by tying blood vessels and sealing the foreman 

magnum with tissue and hot paraffin.  This is evidenced by the fact that all but one head 

experienced less than a one percent loss in mass during the duration of the inertial head 

testing (Beier et al. 1980).   The specimen and average EAM-to-CG vectors used in this 

analysis are shown in Table 9-8.   
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Table 9-8: Adult center of gravity locations relative to the right external acoustic meatus.  This data 

was produced by Beier, and the only the male values were used (Beier et al. 1980).   The x-direction 

of the EAM-to-CG vector was 0.87cm and the z-direction of the EAM-to-CG vector was -3.16cm.  

This data was used to produce the OC-to-CG vector.   

Specimen X (cm) Z (cm) 

1 0.72 -3.25 

2 1.37 -2.18 

3 1.05 -3.31 

4 0.85 -3.35 

5 0.88 -2.85 

6 1.02 -3.11 

8 0.69 -4.24 

9 0.68 -4.2 

11 0.63 -2.7 

12 0.4 -2.67 

13 1.1 -4.13 

14 0.9 -3.31 

15 0.72 -2.98 

16 1.13 -2.94 

17 0.62 -3.17 

18 0.97 -2.67 

19 1.14 -2.53 

20 0.79 -2.67 

21 0.82 -3.72 

Average 0.87 -3.16 

Standard Deviation 0.23 0.58 

 For the EAM-to-OC vector, the Chancey data was reanalyzed to only include 

specimens that were close to the 50
th

 percentile male; selecting specimen that would get 

the average height and average mass with in 5cm and 5kg of the 50
th

 percentile male 

(177.8cm and 77kg).  Chancey’s analysis showed that the center of rotation and the 

centroid of the occipital condyles were statistically the same location.  Hence, the average 

of the center of rotation (COR) location in flexion and extension were used for the adult 
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OC location.  This was done to stay consistent with the recommendations made for the 

THOR from the THOR head task group (Loyd et al. Unpublished).   

Table 9-9:  Table of Chancey’s original specimens used to measure the OC-to-EAM vector (Chancey 

2005; Chancey et al. 2007). 

Specimen Mass (Kg) Height (cm) Used 

B26M Unknown Unknown No 

B27M Unknown Unknown No 

B28M 67.1 175.3 No 

B29M 80.7 182.9 Yes 

B30M 158.7 182.9 No 

B31M 74.8 177.8 No 

B32M 81.6 182.9 Yes 

B33M 57.1 170.2 Yes 

B34M 113.4 172.7 Yes 

B35M 74 180.3 Yes 

 

Table 9-10:  Specimens from Chancey’s data used to get 50
th

 percentile male head sizes and locations 

of the EAM relative to the center of rotation (COR) in both extension and flexion (Chancey 2005; 

Chancey et al. 2007).  The x-direction of the OC-to-EAM vector was 1.51cm and the z-direction of 

this vector was -3.25cm.   

   
COR-to-EAM--Extension COR-toEAM--Flexion 

Specimen 
Mass 
(Kg) 

Height (cm) 
X (mm) Z (mm) X (mm) Z (mm) 

B29M 80.7 182.9 26.59 -33.89 22.04 -35.14 

B32M 81.6 182.9 14.81 -37.22 5.61 -32.29 

B33M 57.1 170.2 15.91 -22.06 15.15 -30.01 

B34M 113.4 172.7 17.1 -35.05 12.04 -36.41 

B35M 74 180.3 10.94 -28.97 10.87 -34.43 

Average 81.4 177.8 17.07 -31.44 13.14 -33.66 

Standard 
Dev. 

17.6 6.0 5.80 6.05 6.05 2.53 
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9.7.2 Moment of Inertia Tensors and MOI Principal Directions for each Head 

Figure 9-11:  MOI Tensor for P03M 
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Figure 9-12:  MOI Principal Directions for P03M 
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Figure 9-13:  MOI Tensor for P04F 
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Figure 9-14:  MOI Principal Directions for P04F 
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Figure 9-15:  MOI Tensor for P05F 
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Figure 9-16:  MOI Principal Directions for P05F 
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Figure 9-17:  MOI Tensor for P06F 
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Figure 9-18:  MOI Principal Directions for P06F 
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Figure 9-19:  MOI Tensor for P07M 
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Figure 9-20:  MOI Prinicpal Directions for P07M 
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Figure 9-21:  MOI Tensor for P08M 
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Figure 9-22:  MOI Principal Directions for P08M 
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Figure 9-23:  MOI Tensor for P12M 
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Figure 9-24:  MOI Principal Directions for P12M 
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Figure 9-25:  MOI Tensor for P13F 
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Figure 9-26:  MOI Principal Directions for P13F 
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Figure 9-27: MOI Tensor for P14M 
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Figure 9-28:  MOI Principal Directions for P14M 
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Figure 9-29:  MOI Tensor for P15M 
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Figure 9-30:  MOI Principal Directions for P15M 
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Figure 9-31:  MOI Tensor for P17F 
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Figure 9-32:  MOI Principal Directions for P17F 
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Figure 9-33:  MOI Tensor for P18M 
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Figure 9-34:  MOI Principal Directions for P18M 
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Figure 9-35:  MOI Tensor for P21F 
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Figure 9-36:  MOI Principal Directions for P21F 
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Figure 9-37:  MOI Tensor for P24F 

2*

02-0.983E04-0.437E02-0.201E-

04-0.437E01-0.123E04-0.55E

02-0.201E-04-0.550E01-0.10E

mkg

III

III

III

zzzyzx

yzyyyx

xzxyxx









































 

Figure 9-38:  MOI Principal Directions for P24F 
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 Chapter 10:  Conclusions, Synthesis and Future 

Work 
10.1 Introduction 

This dissertation provides novel data on the anatomy, biomechanics and injury 

metrics of the pediatric head.  The goal of this chapter is to catalog major conclusions of 

this dissertation.  Plus, this chapter will relate the current findings to the overall 

advancement of the study of pediatric head injury.  Lastly, suggestions will be made on 

what needs to be done to further progress our understanding of head injury.   

10.2 Summary of Work 

This study included an in-depth geometrical analysis of the pediatric head, 

gathering inertial properties of the pediatric head, and mechanical testing that produced 

structural stiffness and impact properties from a collection of pediatric, adult, and ATD 

heads.   The in-depth geometrical study developed average head contours for 12 different 

age groups, from ages 1-month to 10-years.  The inertial properties study produced novel 

moment of inertia data for the pediatric head along with fits to predict the inertial 

properties of heads of different sizes.  The structural stiffness testing was performed by 

compressing the pediatric head between platens, which allowed quasi-static stiffness and 

overall structural stiffness data to be obtained, as well as the directional, age, and rate 

dependency of the head stiffness values to be studied.   

For impact properties, the pediatric, adult, and ATD heads were dropped from 

drop heights of 15cm and 30cm onto a rigid plate.  From this, the peak resultant 

acceleration, head injury criteria (HIC), pulse duration, and other factors were studied to 
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see how age, drop height, and impact location affected the head response properties.  The 

ATD heads were compared against age-matched human heads to tests the accuracy of the 

ATD heads in reproducing human impact responses.  The drops were also used to 

develop analytical models of the heads.  Failure drops were carried out on the adult and 

pediatric heads to investigate the failure properties of the head.   

10.3 Dissertation Conclusions  

 The first conclusion is that the human head stiffness increases by 3 to 4 orders of 

magnitude as the head ages from neonate to adult (Chapter 5 and Chapter 6).   

 The second conclusion is that the ATD heads are rate dependent in both structural 

compression and impact, due to the viscoelastic properties of the vinyl and rubber 

surrounding the ATD heads (Wood et al. 2010) (Chapter 5 and Chapter 6).   

The third conclusion is that the child head, between the ages of 5 months to 22 

months, could obtain a stable fracture from short falls from heights of 15cm and 30cm.   

Conversely, the neonatal heads, which have soft compliable sutures, and adult heads, 

which have interdigitated sutures, could withstand drops from heights of 15cm and 30cm 

with no fractures (Chapter 6).   

 The fourth conclusion is that for impacts onto a rigid surface, the responses of the 

human and ATD heads used in this study are governed by the local contact stiffness as 

opposed to the global structural quasi-static stiffness (Chapter 6).   

  The fifth conclusion is that the 6-month-old CRABI ATD is too stiff in the left 

parietal region of the head during impact because of the limited vinyl skin covering 

underlying metal structures in left parietal region (Chapter 6) (Van-Ee et al. 2009a).  
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 The sixth conclusion is that the current adult Hybrid III correctly matches the 

adult head average resultant acceleration and HIC response for  forehead impacts below 

the 37.6cm drop height specification (Mertz 1985).  Also, the adult Hybrid III head had 

no statistical differences from the adult heads for HIC, impact stiffness acceleration 

values for the four other impact locations, and therefore should be considered relatively 

accurate for impacts of 30cm and under onto other regions of the head (Chapter 6).   

   The seventh conclusion is that the 3-year-old Q3 ATD is too stiff to represent a 

human head, at any age, without some form scaling to reduce the output values.   For 

example, the 3-year-old Q3 produced resultant acceleration values that are too high even 

for an adult head (Chapter 6).   

 The eight conclusion is that the current design criteria for the peak resultant 

acceleration for all child dummies in the Q-series are too high, and may have resulted in 

the Q-series dummies being too stiff (Chapter 6)(van-Ratingen et al. 1997; de-Jager et al. 

2005).    

 The ninth conclusion is that both the 12-month-old CRABI and 3-year-old Hybrid 

III ATD head shapes was statistically different from the average CT contours of human 

heads of similar ages due to the differences in the placements of the occipital condyles 

relative to the nasion.   

 The tenth conclusion is that the x-direction of the center of gravity vector of the 

human head was found not to correlate with head size, and thus can’t be estimated nor 

predicted based on head size.   
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10.4 What Does it All Mean?   

 The overarching goal of this research was to advance the study of pediatric head 

injury.  This was achieved in three steps.  The first step was the development of data that 

will help in the advancement of child ATDs and FEMs.  The second was the evaluation 

of ATD heads.  The third step was the use of pediatric heads to evaluate injury metrics. 

 In order to develop child ATDs and FEMs with more biofidelic geometries, the 

average head and skull contours of pediatric heads are provided. This data now allows a  

standard head and skull geometry to be used in models, as opposed to using a simplified 

geometry or using an individual to represent an entire age group (Margulies and Thibault 

2000; Klinich et al. 2002).  For example, if the develop a head model for a 5-year-old, 

this study now provides a standard head and skull shape, based on human data, that can 

be used to represent all 5-year-olds.  To develop accurate child FEMs, the results of the 

viscoelastic head compression tests and head impacts onto five impact locations from two 

drop heights can be used to validate against.   

 In a similar manner, average head contours of pediatric ATDs were developed 

that can be used as a basis for the shape of any ATD head within the ages of 1-month to 

10-years (Chapter 8).  With ATD development in mind, formulas were developed to 

position the head and skull contours relative to the centroid of the occipital condyles-- the 

main reference point for all ATDs (OCS 2001b; OCS 2001a).  These contours can be 

used for the next generation of child ATDs for all main representative ATD ages.  In 

addition, current ATD head shapes were compared against the average contours of 
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pediatric human heads and flaws were identified that could be corrected in future ATD 

iterations.   

Likewise, an in-depth analysis of current ATDs has been performed to test impact 

response.  This dissertation provides direct comparisons of the human head impact 

responses to the current ATD head responses, providing areas of correction and 

affirmation for the performance of the ATD heads.   

 Lastly, it has been discovered that skull fractures can occur in children 5-months-

old to 22-months-old from drop heights as low as 15cm.  The current data provide a 

template for understanding the tolerance of the pediatric head to impact, and illustrates 

how this tolerance changes with age.  The study provides a complete injury analysis for 

pediatric and adult heads. Moreover, the HIC injury standards were tested in this study, 

and the results provide new injury thresholds that can help in injury prediction and 

assessment.   

10.5 Suggested Future Work  

10.5.1 Pediatric Head Testing 

 The most crucial next step is more pediatric whole impact testing.  Ideally, more 

heads would be tested for each age group and heads in the age ranges of 23-months to 8-

years-old and 10-years to 15-years-old should be included in the testing.  This data would 

help identify any outliers in the current dataset, as well as provide more data for the fits 

and analysis produced in this study.   Having an injury risk curve for each age group, and 

having impact properties for the corresponding ATD ages would be idea, and future 

testing should contribute to the development of this goal.  Another possible next step 
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would be to conduct single impact tests onto multiple heads, as the testing presented in 

this dissertation is all repeated tests: multiple impacts and multiple compression tests.  It 

currently is unclear how single impact data onto one location would affect the results, 

however, it is still recommended that researchers maximize the data from pediatric post 

mortem human specimens until the pediatric data is reasonably plentiful.  

10.5.2 Head Impact Properties 

 In this study, only the translational components of head impact were evaluated.  

The next step would be to include the rotational components of the impact.  With the 

acceleration-time pulse in three directions, the complete mechanics of head impacts can 

be studied.  With this data and precise measurements of the center of gravity and occipital 

condyle locations, the rotational accelerations at the occipital condyles could provide 

insight into shaken baby syndrome (Duhaime et al. 1987; Marguiles et al. 2006; Coghlan 

2010).  Additionally, an investigation into rotational accelerations of the head could help 

explain the differences in the coefficient of restitution across ages.   Likewise, the ATD 

heads could be analyzed in the same manner to see if they correctly mimic the human 

head in rotation.   

10.5.3 Inertial Properties 

 For the inertial properties, there are two glaring gaps in this dissertation that need 

to be addressed.  The first is that a measurement of the center of gravity referenced from 

the occipital condyles of the adult head is absent.   A study that measures the average 

center of gravity of the adult head, referenced from the occipital condyles, would provide 

competition for the fits and analysis presented here.  The other gap is the lack of a 
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method to predict the x-direction of the center of gravity.  This dissertation demonstrates 

that the x-direction of center of gravity does not relate to head size; therefore, study on 

other potential predictors of the head CG should be performed.   

10.5.4 ATD Testing 

 This dissertation did not test all of the ATD heads currently in use; and also, the 

ATD heads that were tested in this study were not instrumented with internal 

accelerometers.  This study can be repeated with other ATD heads such as THOR and the 

remaining Q-series dummies.  This would test the accuracy of these other ATD heads 

like the Q-dummies, for which current recommendations for peak acceleration are too 

high. Also, the heads tested in this study could be repeated with using internal 

accelerometers. The instrumented ATD would provide data on rotational acceleration, 

and this data could relate the acceleration at the center of gravity to the resultant 

acceleration.   

 Also, head contours of only four ATD heads were tested in this dissertation.  The 

same techniques used to test the contour of these four ATD heads can be applied to other 

ATD heads.  Also, a study could be done to obtain the average head and skull contour for 

the adult human head so that the accuracy of the shape of the Adult Hybrid III and THOR 

heads can be verified.  Additionally, the ATD-to-human head contour comparison, for 

heads of all ages, could be expanded to a three-dimensional comparison.   

10.5.5 Injuries 

 In this dissertation, it was shown that fracture of the cranial suture could happen 

due to minor falls for children 5-months-old to 22-months-old.  A study should be 
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conducted to confirm this occurrence in the field.  It is currently unclear how often this 

injury occurs in children, and whether or it is not diagnosed because of limitations in the 

current imaging technology (Mulroy et al. in print).  Data on the likelihood of injury, and 

reports on the types of falls or scenarios that cause these injuries, could affect the 

diagnosis and awareness of these injuries.  Moreover, all failure drops reported in this 

study were conducted after repeated impacts.  A study should be done that includes only 

one failure impact for both the adult and pediatric heads.  This would confirm the injuries 

from failure drops reported here.     

10.5.6 Future FEMs and ATDs 

 For the next iteration of child crash test dummies, the current dataset should be 

considered in the design.  The head impact scaling rules used for the ATD design will 

need to be reevaluated to increase accuracy.  For the inertial properties, the center of 

gravity positions, moment of inertia should be evaluated.  It is also advised that the head 

contours presented in this dissertation be incorporated in the next ATD iteration. 

Likewise, pediatric finite element models should include the head and skull contours 

presented here as well, or they should use this data for validation purposes.  Furthermore, 

it is recommended that the 3-year-old Q3 be reexamined so that the dummy is less stiff.  

Lastly, any new model should be validated against this dataset.   
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