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Abstract 

Headforms as a type of physical human head models are widely used in head injury 

research and for the design and assessment of safety gear. The mechanisms of head injury 

caused by blunt impact (a common loading scenario) are associated with global head 

kinematics and intracranial mechanics such as intracranial pressure (ICP). However, 

conventional headforms are limited to replicating only head kinematics. Although a few 

headforms have intracranial components to measure ICP including cerebrospinal fluid ICP 

(CSFP) and intraparenchymal ICP (IPP), such as the Blast Injury Protection Evaluation Device 

(BIPED) developed for blast scenarios, they lack the validation of biofidelity or cannot be used 

repeatedly in blunt impact. For modeling human mechanical responses, a headform should be 

biofidelic to provide realistic responses and repeatable to offer consistent measurements for 

the same loading conditions. This thesis aimed to characterize the impact responses and refine 

the design of the BIPED to contribute to the development of a biofidelic and repeatable 

headform capable of replicating both global head kinematics and ICP in blunt impact. Three 

studies were performed to achieve this aim.  

First, drop impact experiments were conducted to characterize the BIPED kinematic 

biofidelity and the repeatability of the BIPED linear acceleration and IPP. Results showed that 

the linear acceleration and IPP measures were repeatable with coefficients of variation (COVs) 

generally being less than 10%. While the BIPED acceleration peaks had no statistically 

significant difference with cadaveric data, the acceleration pulse durations were approximately 

50% longer. CORrelation and Analysis (CORA) ratings that quantify the closeness between 

time histories of the headform and cadaver measurements ranged from 0.50 to 0.61 for the 
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BIPED, compared to the range of 0.51–0.77 for the commonly used Hybrid III headform. The 

performed work quantitatively characterized the BIPED kinematic biofidelity and response 

repeatability, and the findings can inform the further improvement of the BIPED stiffness 

toward a biofidelic headform. 

The first study could not fully characterize the ICP biofidelity and the response 

repeatability. Therefore, the second study conducted pendulum impact experiments to further 

characterize the BIPED ICP biofidelity and the repeatability of BIPED kinematics and ICP. 

Sensors were added to the BIPED for measuring linear and angular kinematics along three axes 

and CSFPs at three locations, in addition to the IPP measurements. The head kinematics, CSFP, 

and IPP demonstrated acceptable repeatability with COVs generally being less than 10%. The 

BIPED front CSFP peaks and back negative peaks were within the range of the scaled 

cadaveric data, while side CSFP peaks were 30.9–92.1% greater than the cadaveric data. 

CORA ratings for the front CSFP (0.68–0.72) aligned with the reported rating (0.7) for good 

biofidelity. This study indicates that the BIPED could replicate human front CSFP in the frontal 

blunt impact, but further refinement of the intracranial components is required to improve the 

biofidelity of ICP at other locations. 

Based on the findings from the first two studies, one of the main limitations of the 

BIPED was its longer acceleration pulse durations compared to cadaveric data. Thus, the third 

study evaluated the refinement of the surrogate scalp material and thickness to improve the 

BIPED biofidelity. Drop impact tests were conducted with the BIPED skull and brain assembly 

attached to scalp pads of varied materials and thicknesses. While the selected materials 

exhibited a relatively minor effect on the linear acceleration and coup IPP, the scalp thickness 

showed a major effect. An optimal choice of scalp thickness and material was identified that 
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could increase the acceleration CORA ratings by approximately 30% to approach the threshold 

of 0.7 for good biofidelity.  

In summary, the present thesis characterized the impact responses of the BIPED and 

improved its acceleration biofidelity to approach good biofidelity. This work is a significant 

step toward a validated comprehensive headform that can be a valuable tool to extend the depth 

of head injury research and advance the assessment methods of safety gear.  



Page | v  

 

Preface 

The thesis is an original work performed by Yizhao Li. The thesis was motivated by 

the collaborative work between Dr. Christopher Dennison and Simon Ouellet from Defense 
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studying the mechanisms of head injuries caused by blast waves and blunt impacts on the 

battlefield. Considering that blunt impacts are also a common cause of head injuries in civilian 

life, I conducted this thesis work, focusing on extending the use of the BIPED to blunt impacts. 

Dr. Christopher R. Dennison contributed to the conceptualization, experimental 

resources, supervision of the research, and review of the manuscripts. Dr. Albert H. Vette 

provided advice on the concepts, methodologies, and result interpretation, as well as assisted 

with manuscript revisions. Dr. Donald Raboud provided advice on the concepts and manuscript 

revisions. Simon Ouellet provided the BIPED components and advice on the concepts and 
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below, the content from some chapters of this thesis has been published as independent 
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The work presented in Chapters 3, 4, and 5 has been published in the Journal of 
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Mechanical Behavior of Biomedical Materials as original research articles, respectively. 
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Chapter 1 Introduction 

Chapter 1 provides an overview of this thesis research. This chapter contains three 

sections: Section 1.1 briefly introduces the research background and motivation, while Section 

1.2 and Section 1.3 provide the objectives and outline of this thesis, respectively. 

1.1 Background and Motivation 

Head injuries commonly occur in civilian life and on the battlefield, and pose a high 

risk of resulting in functional disabilities and even fatalities [1]–[3]. Traumatic brain injuries 

(TBIs) are a major contributor to head injuries that can be severe and even cause fatalities or 

long-term disabilities. In Canada, head injury rates ranged from 77 out of 100,000 to 86 out of 

100,000 between 2006 and 2018; 58.2% of those injuries were related to TBI [4]. TBI-related 

deaths accounted for 22.6% of all injury-related deaths in Canada [4]. From a telephone survey 

of Ontario residents between 2011 and 2013, more than 47% of the respondents with a TBI 

history reported having mild to severe long-term functional restrictions (e.g., difficulty with 

walking, standing, and learning) as well as mental health problems [5]. In the United States of 

America (USA), approximately 890 out of 100,000 of the population (i.e., 2.8 million 

individuals) suffered from TBI in 2013, resulting in TBI-related emergency room visits, 

hospitalizations, and deaths [6]. The number of TBI-related deaths (55,900) accounted for 

2.2% of all deaths that year. The number of deaths in the USA increased to 61,100 in 2017 and 

to 64,400 in 2020 [7], [8]. The direct and indirect cost associated with TBI in the USA was 

over $60 billion based on an estimate in 2006 [9]. Globally, a study released in 2018 reported 

that an estimated 939 out of 100,000 of the worldwide population (i.e., 69 million individuals) 

suffered from TBI each year, and 8% of the injuries were categorized as severe TBI [10]. The 
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adverse impacts of TBI on the quality of life for affected individuals and on global economics 

highlight the need to reduce the frequency and severity of head injuries.  

Falls and motor vehicle crashes are the major causes of TBI: 50.4% of TBI-related 

hospitalizations were caused by falls, and 21.5 % were caused by motor vehicle crashes in the 

USA in 2013 [6]. These causes generally involve blunt impacts to the head as opposed to 

penetrating impacts and blasts. Due to the burden of TBI caused by blunt impact, ongoing 

research goals include understanding the underlying mechanisms and improving prevention 

strategies for TBI. 

 Head surrogates, including human volunteers, post-mortem human subjects (PMHS), 

animal models, headforms, and numerical models, are the common tools for head injury 

research as well as the design of safety gear such as protective helmets [11]. Anthropometric 

Test Device (ATD) headforms or dummy heads are one of the most widely used head 

surrogates for laboratory studies and helmet certification tests. Compared to organic human 

heads and animal models, headforms have the advantages of being repeatable and easy to 

manipulate without posing ethical concerns [11]. Compared to numerical models that require 

either simulation of all the objects involved in the impact or laboratory reconstruction to obtain 

head kinematics as input, headforms can be directly used to test safety gear without the need 

for fully understanding their structure and material properties. Due to these advantages, 

headforms are valuable tools widely used to model human head responses in impact tests. 

Commercially available headforms for blunt impact are limited to replicating only 

global head kinematics or skull mechanics. Commonly used headforms such as the Hybrid III 

and the National Operating Committee on Standards for Athletic Equipment (NOCSAE) 
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headform typically have no biofidelic intracranial components to simulate human intracranial 

responses [12]. These headforms are generally designed to mimic the external features, 

dimensions, mass, and moment of inertia of the human head, all of which determine the head 

kinematics but are insufficient to determine intracranial responses.  

Both global kinematics and intracranial mechanics are important for understanding 

TBI; however, the lack of appropriate headforms contributes to the paucity of experimental 

studies on intracranial responses. Kinematics such as linear acceleration, angular acceleration, 

and angular velocity, as well as intracranial mechanics such as intracranial pressure (ICP) and 

brain strains, have been associated with TBI [13], [14]. However, none of the helmet 

assessment certifications adopt assessment criteria based on intracranial mechanics. This may 

be because methods for obtaining intracranial mechanical parameters are limited to using 

human cadavers and numerical models. Some researchers jointly use headforms and numerical 

models by inputting kinematics obtained from headforms into the numerical models to 

calculate intracranial mechanics [15]. This method is time-consuming and may be error-prone 

due to the uncertainty accumulated in the experiments and numerical simulations. To our 

knowledge, none of the commonly used headforms can provide intracranial measurements.  

A few studies have attempted to develop comprehensive headforms that include 

internal structures to mimic intracranial mechanics; however, no such headforms have been 

widely used in current research and helmet certification tests [16]–[19]. The earliest physical 

head models for studying ICP simply filled a cranium with water [20]; thus, its biofidelity was 

poor. Among the limited headforms for measuring ICP, there are two headforms containing 

simulants for most of the intracranial components. One is the Instrumented Human Head 

Surrogate (IHHS-1) developed for evaluating modern ski helmets [19], [21]. The kinematic 



Page | 4  

 

biofidelity of this headform was not validated according to reported work [19], [21]. The other 

one is the Blast Injury Protection Evaluation Device (BIPED) headform designed by Defense 

Research and Development Canada [22]. This headform was developed for measuring ICP 

induced by shockwaves in blasts; thus, the physical properties related to impact responses such 

as the local stiffnesses and dynamic mechanical properties of the headform were not well 

considered during the design. Therefore, there is a lack of validated headforms capable of 

evaluating intracranial responses in addition to global head kinematics in blunt impact 

scenarios.  

1.2 Thesis Objectives 

The overall goal of this thesis was to characterize the impact responses and refine the 

design of the BIPED based on kinematics and ICP responses to contribute to the development 

of a biofidelic and repeatable headform for use in blunt impact. To achieve this goal, the 

research described in this thesis first characterized the biofidelity and repeatability of the 

BIPED kinematics and ICP responses for blunt impact, with the goal of identifying the 

feasibility and limitations of using the BIPED in blunt impact. This research then evaluated 

the design factors and identified a meaningful method of refinement to improve the BIPED 

biofidelity.  

Specifically, the overall goal of this study was achieved through the following sub-

objectives: 

(1) To characterize the kinematic biofidelity and repeatability of the BIPED by 

comparing the BIPED with cadaver heads in blunt impact. 
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(2) To characterize the ICP biofidelity and repeatability of the BIPED by comparing 

the BIPED with cadaver heads in blunt impact. 

(3) To evaluate the design factors that could improve the BIPED biofidelity or 

repeatability based on the findings from the first two sub-objectives. 

To achieve the above sub-objectives, we conducted the following studies:  

(1) Drop impact experiments were conducted to characterize the BIPED kinematic 

biofidelity and repeatability of the linear acceleration and intraparenchymal ICP (IPP) 

measurements. 

(2) Translational impact experiments were conducted to characterize the BIPED ICP 

biofidelity and repeatability of the kinematics (including linear accelerations and angular rates 

along three axes) and ICP (including IPP and cerebrospinal fluid ICP (CSFP)). 

(3) We evaluated the influence of surrogate scalp material and thickness on head impact 

responses and identified the method of scalp refinement to improve the BIPED biofidelity. 

1.3 Thesis Outline 

Chapter 2 introduces and summarizes the human head anatomy and the physical 

properties of head components as these provide the primary foundation for designing 

headforms. This chapter also briefly discusses the mechanisms and injury criteria of TBI, 

justifying the need for measuring both global head kinematics and intracranial mechanics. 

Headforms are a common tool used in helmet certification assessment. Therefore, current 

helmet assessment methods and metrics are briefly described, highlighting their limitations. 

Lastly, this chapter introduces the design requirements for headforms and describes widely 

used headforms as well as the BIPED used in this thesis work. 
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Chapters 3, 4, and 5 contain three studies published in or submitted to peer-reviewed 

journals. The first two studies presented in Chapters 3 and 4 rigorously characterized the 

BIPED biofidelity and repeatability, while the third study presented in Chapter 5 aimed at 

improving the BIPED based on observations from the first two studies. 

Chapter 3 presents a study of characterizing the BIPED kinematic biofidelity and the 

repeatability of the acceleration and IPP measurements. Free-fall drop experiments were 

performed with the BIPED and the commonly used Hybrid III headform. The study captured 

the impact accelerations and IPP for impacts at the front, side, and vertex of the BIPED and 

Hybrid III headform. BIPED accelerations were compared to reported cadaveric data with 

respect to the peaks, durations, and time histories, and the repeatability of all the BIPED 

measurements was evaluated based on their coefficients of variation (COVs).  

Chapter 4 presents a study of characterizing the BIPED ICP biofidelity and the 

repeatability of kinematics and ICP. Pendulum impact experiments were performed with the 

BIPED attached to the Hybrid III neck. A sensor package and three pressure sensors were 

added to the BIPED to measure the head linear accelerations, angular rates, and CSFP. The 

BIPED ICP was compared to reported cadaveric data, and the repeatability of all the kinematics 

and ICP measurements was evaluated based on the COVs of the measurements.  

Chapter 5 presents a study aimed at evaluating the refinement of the surrogate scalp to 

improve the BIPED biofidelity, based on observations from the first two studies. Pads of 

various materials and thicknesses were molded to simulate the head scalp. In the experiments, 

the BIPED skull and brain assembly attached to each scalp pad was dropped onto an impact 

plate. The study evaluated the influence of the scalp pad modulus and thickness on the head 
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kinematics and IPP. Based on the results, an optimal choice of surrogate scalp was suggested 

that could effectively improve the acceleration biofidelity of the BIPED. 

Chapter 6 summarizes the main results, discussion, and contributions of this thesis 

research, and provides recommendations for future studies. 
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Chapter 2  Literature Review 

Chapter 2 first provides an introduction to the fundamentals of head structures, injury 

mechanisms, and injury criteria. Then, the chapter reviews the design requirements of 

headforms and discusses headforms that are currently used in biomechanical research and 

helmet certification tests. The presented knowledge is important for understanding why and 

how we conducted this research with the goal of contributing to the development of a 

comprehensive headform.  

2.1 Head Anatomy and Physical Properties 

Understanding the anatomy and physical properties of the human head is essential for 

designing human headforms because these fundamentals determine the head's mechanical 

responses. The head is a multi-layered structure with five components: scalp, skull, meninges, 

cerebrospinal fluid (CSF), and brain (Figure 2.1) [23]. The scalp is the outermost soft tissue 

that covers the cranial bone which is a major part of the skull. The meninges lie beneath the 

skull bone, serving as a protective layer of the innermost brain. This section discusses the 

anatomy and physical properties of the main components of the human head.  

 

Figure 2.1. Head anatomy layers covering the brain (Image adapted from [24]). 
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2.1.1 Scalp 

The scalp consists of five layers from outer to inner: the skin, connective tissue, 

epicranial aponeurosis, loose areolar tissue, and periosteum, as shown in Figure 2.2 [25]. The 

skin has numerous sebaceous glands and hair follicles through which hair grows. The 

connective tissue is a dense subcutaneous layer comprising fat and fibrous tissue. The 

epicranial aponeurosis is a tough layer of dense fibrous tissue. The first three layers function 

as a unit. The loose areolar tissue is located between this unit and the periosteum layer that 

connects to the cranial bone, allowing relative movement between the united upper layer and 

the skull [25].  

 

Figure 2.2. The layers of the scalp on top of the skull. 

The thickness and material properties of the scalp vary with the age, sex, region of the 

head, and height and weight of the individuals. Reported scalp thickness ranges between 1 and 

9 mm [26], [27]. The variation in the reported data may be due to the difference in the samples 

and measurement methods. Oltulu et al. measured 180 skin samples from 90 males and 9 

females between the ages of 30 and 40 years [26]. The mean thickness for the scalp skin was 

2.35 mm for females and 3.25 mm for males. The samples from this study included only the 

skin layer of the scalp [26]. Lupin et al. measured the thickness in the temporal region of the 
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human scalp. The total thickness of the scalp was 7±1.9 mm and 5.2±1.2 mm at two points in 

that region [27]. Using samples from cadavers with a mean age of 82 years, Chopra et al. 

measured a 0.97 to 1.48 mm thickness of the skin on the human head [28].  

The scalp exhibits viscoelastic properties and is nearly incompressible with a density 

of approximately 1,000 kg/m3 [29]. As shown in Table 2.1, the reported moduli of human skin 

on the entire body range from 1 to 87 MPa, depending on the loading rate, stretch ratio, and 

region of the skin samples [30]–[32]. Annaidh et al. used the digital image correlation method 

to evaluate the stretch ratio of skin samples from human back regions [33]. The skin samples 

were subjected to quasi-static tensions in different orientations [33]. They reported a modulus 

of 1.2 MPa for the initial stretch (infinitesimal strains) and an elastic modulus of 83.3 MPa for 

a higher strain of 1.35–1.48 [33]. The stretch orientations and locations of the skin sample were 

found to significantly affect the elastic modulus and ultimate tensile strength. The elastic 

modulus measured by Annaidh et al. is close to the maximum value (87.1 MPa) reported by 

Jacquemoud et al., but more than twice as large as those measured in studies by Melvin et al., 

Falland et al., and Trotta et al. [30], [31], [34]. This discrepancy may be due to the differences 

in the sample regions and strain rates as shown in Table 2.1. Considering studies on only the 

scalp, the reported elastic modulus was 15–38 MPa. In finite element models, the elastic 

modulus of 16.7 MPa has been used in several studies based on the data initially reported by 

Melvin et al. [35]–[37]. 
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Table 2.1. Mechanical properties such as elastic modulus (EM), initial modulus (IM), and 

ultimate tensile strength (UTS) of human skin. 

Reference Sample region 
Strain 

rate 
Age Parameters 

Melvin et al. (1970) 

[30] 
Scalp 0.2/s – EM=16.7 MPa 

Jacquemoud et al. 

(2007) [38] 
Forehead & arm 55/s 62–98 

EM=19.5–87.1 MPa 

UTS=5.7–12.6 MPa 

Annaidh et al. (2012) 

[33] 
Back 0.012/s 81–97 

EM=83.3±34.9 MPa 

IM=1.2±0.9 MPa 

UTS=21.6±8.4 MPa 

Falland-Cheung et al. 

(2018) [31] 

Temporal, front-

parietal, 

occipital scalp 

0.042/s 6–94 
EM=19.1–25.2 MPa, 

UTS=2.8–3.4 MPa, 

Trotta et al. (2019) [34] Scalp 15–100/s 73–89 
EM=15.4–37.7 MPa 

UTS=4.0–8.3 MPa 

 

2.1.2 Skull 

The skull also referred to as the cranium contains 22 bones including 14 facial bones 

and 8 cranial bones [25]. The cranial bones consist of a frontal bone, two temporal bones, two 

parietal bones, an occipital bone, a sphenoid bone, and an ethmoid bone, as shown in Figure 

2.3. These bones are jointed together by cranial suture lines at their boundaries, forming a thin-

walled shell to protect the brain. The occipital bone at the posterior part of the cranium has an 

oval hole called the foramen magnum, which is used for the passage of the spinal cord [25]. 

https://www.sciencedirect.com/science/article/pii/S1751616111002219?casa_token=HdN2FEPHkUkAAAAA:bFy2tHATxnDFN2YAe_HdF6PVOKb0oorqOMWKZQhDE6TVQwRO5RJ909istKmHmgL48_nUNr5MCw#br000105
https://www.sciencedirect.com/science/article/pii/S1751616111002219?casa_token=HdN2FEPHkUkAAAAA:bFy2tHATxnDFN2YAe_HdF6PVOKb0oorqOMWKZQhDE6TVQwRO5RJ909istKmHmgL48_nUNr5MCw#br000105
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Figure 2.3. The eight bones of the human cranium (copyright released from Wikipedia). 

The cranial bone is a sandwich structure consisting of the relatively stiff and compact 

outer and inner cortical bone with a middle layer of less stiff sponge bone (i.e., the diploë). 

The thickness of the cranial bone ranges between 4 and 10 mm and differs between regions of 

the skull and individuals [39]. The average thickness of the frontal bone is 6.5 mm [39]. The 

thickest part occurs at the occipitalis protuberance, while the thinnest part occurs in the 

temporal region [25]. The cranial bone is generally described as linear elastic with an elastic 

modulus of 1.2–10.5 GPa and a Poisson's ratio of 0.19–0.21 [40], [41]. Table 2.2 summarizes 

the basic material properties of the human cranial bones found in previous studies. McElhaney 

et al. used compression, tension, and torsion loadings to test different regions of the fresh and 

embalmed cranial bones [40]. They estimated the elastic moduli of these bones lying between 

1.2 and 5.6 GPa, with a mean of 2.4 ±1.5 GPa [40]. This range of modulus is close to that (1.6–

6 GPa) estimated from quasi-static three-point bending tests [42], [43]. The moduli measured 

from quasi-static tests are slightly lower than those (7.5–10.5 GPa) from dynamic three-point 

bending tests [41].  
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Table 2.2. Elastic modulus (EM), tensile strength (UTS), and Poisson’s ratio (ʋ) of cranial 

bone found in literature studies.  

Reference 
Sample 

region 

Loading 

type 
Age Parameters 

McElhaney et 

al. (1970) [40] 

Frontal, 

parietal, 

occipital 

Compression 

Tension 

Torsion 

56–73 

EM=2.4–5.6 GPa, ʋ=0.19,  

EM=1.2–5.4 GPa, UTS=79 MPa 

EM=1.2 GPa 

Verschueren1et 

al. (2006) [42] 

Parietal Flexure 20–30 EM=1.6–5.4 GPa 

Motherway et 

al. (2009) [41] 

Frontal, 

parietal 

Flexure 81±11 EM=7.5–10.5 GPa 

Rahmoun et al. 

(2014) [43] 

Whole 

crania 

Flexure 88 EM=2.0–6.0 GPa, ʋ=0.21 

 

2.1.3 Meninges  

As a layer that supports and protects the brain and spinal cord, the meninges lie beneath 

the cranial bone and consists of the dura, arachnoid, and pia mater (Figure 2.1) [25]. The dura 

mater is a tough fibrous membrane comprising two layers. While the outer layer (endosteal 

layer) is firmly attached to the skull's inner surface, some regions of the inner layer (meningeal 

layer) extend inward to form the falx cerebri, falx cerebelli, and tentorium cerebelli. The dura 

mater membrane constrains brain movement and separates the different parts of the brain. The 

falx cerebri is the largest dura mater membrane that separates the left and right cerebral 

hemispheres. The arachnoid mater lies beneath the dura mater and is separated from the dura 

mater by the subdural space. Similarly, the pia mater adhered to the brain surface is separated 

from the arachnoid mater by a narrow space referred to as the subarachnoid space. The 

subarachnoid space contains the CSF, a colorless fluid surrounding the brain that circulates in 

the ventricles of the brain.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         
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The falx and tentorium have a thickness of 0.35–1.11 mm and exhibit viscoelastic 

properties [44]. The falx and tentorium serve to maintain the position of the brain and, thus, 

can affect the brain’s mechanics. The existence of the falx and tentorium was found to decrease 

the strain in the peripheral regions and increase the strain in the central region compared to 

head models without these membranes [45]. The tensile strength and modulus of these dura 

mater membranes were found to range from 3.3 to 7.9 MPa and 21.3 to 75.0 MPa, respectively 

[44], [46]. Unlike the scalp, the modulus and tensile strength of the dura mater showed no 

dramatic change with age [46]. 

2.1.4 CSF 

CSF plays a crucial role in maintaining the brain’s function and can cushion the brain 

from mechanical shock during head impacts. The volume of CSF in adults is 135–150 ml, with 

approximately 35 ml in the ventricles and 100–125 ml in the subarachnoid space [25]. CSF is 

normally composed of 99% of water and 1% of lipids and proteins. Thus, the density of CSF 

is close to that of water (1,000 kg/m3) [47]. The CSFP is normally 10–15 mm Hg (i.e., 1,333–

2,000 Pa) [48].  

CSF is a Newtonian fluid with a viscosity of 0.7–1 mPa-s at 37°C [49]. It has been 

found that the protein and cell concentrations in the CSF have no significant influence on its 

viscosity [49]. The bulk modulus of 2.1–2.2 GPa has been used for the CSF in several 

numerical simulation studies, which is similar to the modulus of pure water [50], [51]. 

Numerical studies have shown that the presence of CSF remarkably reduces the brain strains 

caused by head impacts [52], [53]. Therefore, properly modeling the CSF of a headform is 

necessary to accurately replicate head intracranial responses.    
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2.1.5 Brain  

The brain consists of three parts: the cerebrum, cerebellum, and brain stem (Figure 2.4), 

which enfold four ventricles [25]. The cerebrum is the main part of the brain separated into 

two hemispheres by the falx membrane. The outer layer of the cerebrum is the grey matter with 

the cortex and nuclei, and the inner layer is the white matter mostly consisting of nerve fibers 

(i.e., axons). The cerebrum can be functionally divided into four main lobes: the frontal, 

temporal, occipital, and parietal lobes. The frontal lobe manages decision-making and motor 

functions. The parietal lobe affects sensation and body position. The temporal lobe is 

responsible for memory and language skills, and the occipital lobe controls visual functions. 

Damage to any part of the cerebrum can destroy the functional ability of these lobes and, as a 

result, affect an individual’s well-being. 

 

Figure 2.4. Anatomy of the brain (copyright permission from Terese Winslow LLC). 

The typical physical and mechanical properties of the brain are critical to brain 

mechanical responses and are important in the design of head-brain models. The mass of the 

brain is 1290–1350 g and the volume is 1297–1338 cm3 from a study with volunteers aged 21–
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65 years old [54]. The brain’s volume decreases with age, and males (mean of 1.3 kg) have 

slightly larger brains than females (mean of 1.2 kg) [54], [55].   

The brain is nearly incompressible with a Poisson ratio of approximately 0.5 [56], [57]. 

Due to the nonlinear viscoelastic behavior of the brain, the stress-strain relation has no linear 

behavior from which a meaningful elastic modulus could be determined [56]. Therefore, the 

bulk and shear moduli are of interest in studies characterizing the material properties of the 

brain. The reported bulk modulus of the brain ranges from 2.3 to 2.7 GPa whereas the shear 

modulus is on the order of kilopascals [58], [59]. Therefore, the brain is resistant to 

compression while vulnerable to shear loading. In addition, the brain’s mechanical behavior is 

highly sensitive to its strain and strain rate, with increasing stiffness at higher strain and loading 

rates [23]. Some studies also suggest that the brain exhibits mechanical anisotropy and regional 

variations due to the structural anisotropy of its white and grey matter [60], [61]. Nevertheless, 

there is no agreement on the constitutive model that best describes the material behavior of the 

brain due to the complexity of its material properties.  

2.2 Brain Injuries and Injury Mechanisms  

Blunt impact on the head can lead to skull deformations and create abrupt relative 

motion between the skull and brain. If the loading energy exceeds the tolerance of the skull 

and brain, impacts can cause skull fractures and TBIs. TBIs are generally classified as either 

focal or diffuse injuries [62]. Focal injuries, such as brain contusion and hematoma, refer to 

localized tissue damage. A contusion is the bruising of the brain tissue and occurs under the 

impact site or at the distal site of the impact. A hematoma involves bleeding due to the rupture 

of veins in the brain or dura mater space [62]. Commonly associated with damage to neuronal 
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tissue, diffuse brain injury is usually widespread within the brain and characterized by a loss 

of consciousness [62]. Both focal and diffuse injuries can be fatal or cause long-term sequelae. 

Numerous research associates the theories of TBI mechanisms with head kinematics. 

Most theories assume that a measurable mechanical quantity that scales the severity of a head 

impact can infer the likelihood of injury. Kinematics such as linear acceleration, angular 

acceleration, and angular velocity have been correlated to TBI [63]. Rapid linear or rotational 

acceleration can cause relative motion between the skull and brain, since the skull moves due 

to acceleration while the brain remains stationary due to inertia [63]. This relative motion can 

cause the inner contours of the skull to collide with the brain, leading to focal brain injuries 

[64]. For diffuse injury, some researchers believe that rotational motion leads to shear stresses 

in the brain tissue where adjacent parts experience different inertial movements due to local 

variations in density [65]–[67]. Additionally, translational acceleration can also cause a 

concentration of shear stresses on the corpus callosum and the brainstem, resulting in diffuse 

axonal injuries (DAIs) [68]–[70].  

Another theory associates the TBI mechanisms with ICP. Both skull deformation and 

head acceleration can result in ICP changes [18]. In contact impacts to the head, the stress wave 

generated at the impact site of the skull propagates to the distal site, leading to ICP change 

throughout the CSF and brain. The inward-bending deformation caused by the impact can lead 

to a positive ICP, and the rebound of the deformation can cause a negative ICP [72]. 

Meanwhile, due to linear acceleration, the skull pushing toward the brain can increase the ICP 

at the impact site, decrease the ICP at the distal site, and create pressure gradients throughout 

the brain between the two sites [73]. The increased pressure, decreased pressure, and pressure 

gradients are associated with compression, stretch, and shear of brain tissue, respectively [72]. 
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Since brain tissue is sensitive to shear, pressure gradients can be detrimental. Numerous studies 

have demonstrated the connection between ICP and TBI [71], [74], [75]; however, an in-depth 

understanding of ICP mechanisms requires additional research. Developing a headform to 

measure ICP is valuable for better understanding TBI mechanisms.   

2.3 Head Injury Criteria and Helmet Certifications  

Some of the mechanics discussed above have been correlated with injury likelihood in 

the form of functions, referred to as injury criteria. These injury criteria are typically 

mathematical expressions, sometimes represented graphically, that allow researchers to infer 

injury risk based on the magnitude and duration of measured mechanics. While most injury 

risk functions are acknowledged to be limited in application, some have proved useful in 

assessing safety devices, serving as helmet assessment certifications, for example. 

 Both head kinematics and intracranial mechanics have been associated with the risk of 

TBIs. Sections 2.3.1 and 2.3.2 introduce the injury criteria based on head kinematics and tissue-

level parameters (i.e., intracranial mechanics), respectively. Section 2.3.3 summarizes the 

criteria used in helmet certification tests. 

2.3.1 Kinematics-Based Criteria  

Various injury criteria have been developed based on pure head kinematics, 

summarized in Table 2.3. A group at Wayne State University created the Wayne State Cerebral 

Concussion Tolerance Curve (WSTC), the earliest tolerance model based on human cadavers 

[76]. Distinguished by a decreasing curve of the acceleration magnitude versus duration 

(Figure 2.5), this model indicates that lower acceleration magnitudes require longer pulse 

durations to result in a severe injury. Acceleration data points above the curve represent unsafe 
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impacts that can cause irreversible brain injuries. Data points below the curve represent non-

fatal impacts that may cause reversible brain injuries. This curve was based on linear skull 

fracture tolerance, assuming that skull fractures were concomitant with concussions according 

to the observed prevalence relation between these two injuries [76]. However, this assumption 

may be not valid, as brain injuries, even without a skull fracture, can prove debilitating or fatal.  

Inspired by the WSTC, the Severity Index (SI) was developed as the time integral of 

the linear acceleration [77]. The SI criterion is not valid for impacts with long durations. Thus, 

the Head Injury Criterion (HIC) chooses a time window of the acceleration for the integration 

to exclude the concern of long durations (Table 2.3). HIC is one of the most commonly used 

criteria in injury research and has been adopted in helmet and motor vehicle tests [78]. 

Nevertheless, the HIC does not consider the effect of rotational motion.  

 

Figure 2.5. The Wayne State Tolerance Curve (acceleration vs. duration of acceleration 

pulse) [76]. Figure is reproduced with permission from the publisher of [76].  
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Table 2.3. A summary of the typical injury criteria based on kinematics. 

Injury Criterion Equation Measurement 

Severity Index (SI) [77] SI = ∫ a(t)2.5 dt 
Linear 

acceleration 

Head Injury Criteria 

(HIC) [78] 
HIC = {(t2 −  t1) [

1

t2 −  t1
∫ a(t)dt

t2

t1

]

2.5

}

max

 
Linear 

acceleration 

Rotational Injury 

Criterion (RIC) [79] 
RIC = {(t2  − t1) [

1

t2 −  t1
∫ α(t)dt

t2

t1

]

2.5

}

max

 
Angular 

acceleration 

Brain Injury Criteria 

(BrIC) [80] BrIC = {∑ (
ω𝑖

ω𝑖,𝑐
)

2

𝑖=𝑥,𝑦,𝑧
}

1/2

 
Angular 

velocity 

Rotational Brain Injury 

Criterion (BRIC) [81] 
BRIC =  

ωmax

ωc
+  

αmax

αc
 

Angular 

velocity and 

acceleration 

A Generalized Model for 

Brain Injury Threshold 

GAMBIT [82] 
GAMBIT = maxt√[(

a𝑚𝑎𝑥

ac
)

2

+ (
α𝑚𝑎𝑥

αc
)

2

] 

Linear and 

angular 

acceleration 

Head Injury Power (HIP) 

[83] 

HIP = m ∑ ai
𝑖=𝑥,𝑦,𝑧

∫ aidt

+ ∑ Iiiαi
𝑖=𝑥,𝑦,𝑧

∫ αidt  

Linear and 

angular 

acceleration 

 

Due to the association of angular kinematics with brain injuries, a few criteria have 

incorporated angular acceleration or velocity. A study introduced the Brain Injury Criterion 

(BrIC) based on pure angular velocity, since numerical simulations found that angular velocity 

is strongly correlated with brain strains [80]. However, this finding contradicts results from 

real-world field studies that suggest brain injury is related to both linear and angular motions. 
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Rowson et al. correlated kinematics from laboratory reconstructions of head impacts in football 

games with athletes’ concussion levels [84]. The research found that a combination of linear 

and angular head accelerations is better than pure linear or angular accelerations in predicting 

concussions. Historically, Newman et al. proposed a generalized acceleration model for brain 

injury, which combines peak linear accelerations and peak angular accelerations [82]. Later, 

Newman et al. introduced a more detailed approach, the Head Impact Power (HIP),  which 

takes into account head mass, impact time, and three-dimensional linear and angular 

accelerations [83].  

Although some injury criteria include both linear and angular kinematics, the 

kinematics-based criteria fail to account for injury factors such as skull deformation, impactor 

shape, and the head mass and size of injured individuals. For example, the HIC is inapplicable 

to crushing situations (where head movement is constrained during impact), because skull 

deformations may lead to brain injury when the head accelerations are constrained [85], [86]. 

The HIC also underestimates the injury risk for impacts with a large impactor mass and a low 

impact velocity, where the skull deformation has a greater effect than the head acceleration on 

brain responses [87]. Moreover, these criteria based on head kinematics cannot provide 

detailed information on brain responses to distinguish between diffuse and focal injuries. 

Therefore, some studies suggest using brain tissue-level parameters to complement the 

kinematics-based criteria, since these tissue-level parameters directly involve the responses of 

the brain [88], [89]. 
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2.3.2 Tissue-Level Injury Criteria  

Injury criteria based on tissue-level parameters, such as ICP as well as brain strain and 

stress, have been evaluated in numerical simulations. Table 2.4 summarizes the tissue-level 

injury criteria proposed for TBIs. The earliest tolerance model based on ICP is the Intracranial 

Pressure Time Tolerance Curve [76]. This curve shows the relationship between ICP peak and 

duration that represent concussion boundaries, but the curve does not apply to humans as it 

was obtained from animal studies. Correlating ICP estimated from numerical simulations with 

brain injury severity, Ward et al. and Kleiven et al. proposed injury criteria based on the 

maximum and minimum ICP [90], [91]. Takhounts et al. proposed the cumulative strain 

damage measure (CSDM) and maximum principal strain (MPS) as injury metrics of DAIs [75], 

[88]. Other proposed injury metrics are based on shear stresses and brain motions [75], [88]. 

The tissue-level injury criteria are limited to studies using the finite element (FE) 

method, since measuring these intracranial mechanics in human or animal heads is technically 

challenging. Additionally, there is a lack of adequate headforms that can measure tissue-level 

parameters. FE modeling relies on the appropriate selection of material models, mesh elements, 

and boundary conditions, and errors in this process can result in simulation results that 

significantly deviate from those of realistic outcomes. Moreover, since FE models do not allow 

for direct tests of helmets and current headforms cannot measure intracranial parameters, 

tissue-level criteria have not been directly applied to the assessment of safety devices. 

Headforms that can measure tissue-level parameters such as ICP and strains may be a valuable 

tool to extend the depth of TBI research and improve the assessment method of safety devices 

in sports and motor vehicles. 
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Table 2.4. A summary of injury criteria based on brain tissue-level parameters. 

Injury criterion Reference Parameters Threshold Injury 

ICP 

Ward et al. [90] 

Ward et al. [90] 

Kleiven et al. [92] 

Kleiven et al. Kleiven 

et al. [92] 

CSFP 

CSFP 

ICP in grey matter 

ICP in white matter 

Max ICP> 234.4 kPa 

Max ICP>172.4 kPa 

Max ICP=65.8 kPa 

Min ICP =-55.1 kPa 

Severe brain injury 

Moderate brain injury 

50% risk of concussion 

50% risk of concussion 

Dilatational 

damage measure 

(DDM) 

Takhounts et al. [14] 

Volume fraction of 

the brain tissue that 

exceeds predefined 

ICP 

DDM-100kPa=7.2% 

(7.2% brain tissue 

volume exceeds 

negative 100 kPa) 

50% risk of contusion 

Maximum 

principal stress 

(σmax) 

Shreiber et al. [93] σmax σmax =7.8 kPa 50% risk of contusion 

Maximum 

principal strain 

(εmax) 

Shreiber et al. [93] εmax εmax=0.188 50% risk of contusion 

Relative Motion 

Damage Measure 

(RMDM) 

Takhounts et al. [14] 

Brain displacement 

relative to the skull's 

inner surface 

RMDM=1mm 
50% risk of acute subdural 

hematoma 

Cumulative Strain 

Damage Measure 

(CSDM) 

Marjoux et al. [94] 

Marjoux et al.  [94] 

Kleiven et al. [92] 

Volume fraction of 

the brain part that 

exceeds predefined 

strain levels 

CSDM0.15 = 25%* 

CSDM0.15 = 44% 

CSDM0.1= 47% 

50% risk of moderate DAI 

50% risk of severe DAI 

50% risk of concussion 

*: The portion of brain tissue with tensile strain greater than 0.15 is 25%  

2.3.3 Helmet Certifications 

Headforms are a valuable tool in helmet certification tests. With the primary function 

of protecting the head, helmets are required to undergo certification tests to validate their 

protective performance. Common standard tests involve a series of controlled impacts where 

the helmet, worn on a standard headform, is dropped onto an anvil from a predetermined 

height, as shown in Figure 2.6. The value of the assessment criterion is calculated using the 

parameters measured from the headform. If the assessment criterion exceeds the standard 
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threshold, then the helmet is determined to fail in protecting the head; otherwise, the helmet is 

certified safe and can be sold commercially.  

Currently, all helmet certifications adopt assessment criteria based on kinematics, such 

as the HIC, linear acceleration, and angular velocity. Table 2.5 summarizes the typical criteria 

used in standard tests for various helmet types. The most widely used criteria are the HIC and 

linear acceleration peaks. Although various tissue-level injury criteria may be applied to helmet 

tests, no helmet certifications use intracranial measurements. A primary reason is likely the 

lack of headforms providing intracranial measurements. According to current research, the 

headforms used for helmet tests can only measure head kinematics [95]. 

 

 

Figure 2.6. An illustration of helmet certification tests where a headform dons the testing 

helmet before being dropped to an anvil on the ground. 
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Table 2.5. Typical helmet certification standards and criteria for drop tests. 

Standard Helmet Impact velocity Pass Criterion 

ASTM F1045-16 Ice Hockey 4.5 m/s a<275 g 

CSA Z262.1-09 Ice-Hockey 4.5 m/s a<275 g 

NOCSAE ND002-

13m15 
Football 5.46 m/s SI<1200 

NOCSAE ND002-

17m17a 
Football 6 m/s 

SI<1200, α<6000 

rad/s2 

ECE Reg 22 Motorcycle 7.5 m/s a<275 g, HIC<2400 

Snell M2020R Motorcycle 7.75 m/s a<275 g, HIC<2880 

CPSC Cycling 

6.2 m/s (flat anvil) 

4.57 m/s (curbstone 

anvil) 

a<300g 

ASTM: American Society for Testing and Materials; CSA: Canadian Standards Association. NOCSAE: National 

Operating Committee on Standards for Athletic Equipment; ECE: Economic Commission for Europe. CPSC: 

Consumer Products Safety Commission required by US law. 

 

2.4 Headforms  

Headforms are useful tools in laboratory tests where organic human and animal models 

are not adequate. Human volunteers and PMHS are best in terms of providing realistic 

mechanical and physiological responses, but human volunteers are restricted to noninjury 

impacts while PMHS are rare and difficult to obtain. Ethical concerns also limit the use of 

organic human models. Animal models are more accessible than PMHS, but they are not 

suitable for helmet tests due to their great morphological difference from human heads. The 

use of animal models is limited by ethical restrictions as well. Furthermore, PMHS and animal 

models generally cannot be reused as the mechanical properties of biological tissue can vary 

with temperature, humidity, and degradation of the tissue in the long term. Headforms cannot 

provide physiological responses; other than this limitation, headforms are easy to manipulate 
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with no need for chemical methods to treat and store them. Headforms are efficient in 

experiments since they are reusable and ready for use once they have been set up. Thus, a 

single headform can provide a large sample size with minimal cost. Moreover, headforms can 

precisely mimic the geometry of the human head, which allows for the simulation of head 

interactions with the surrounding environment, in contrast to animal models. Compared to 

numerical models, headforms are more efficient for safety device tests without the need to 

model helmets or motor vehicles. Thus, research questions that use mechanics-based measures 

of head responses to find solutions widely prefer headforms to other models.  

2.4.1 Design Requirements of Headforms 

To replace human heads in experiments, the basic requirement is that headforms must 

be biofidelic and repeatable so that they can produce responses similar to humans under 

comparable conditions and offer reliable measurements during repeated tests [11].  

(1) Biofidelity 

Human surrogate headforms are designed to match living humans in anthropometry, 

articulations, and structure responses, and to exhibit the same level of typical responses (e.g., 

skull deformations and head accelerations) depending on the experimental objectives [11]. 

Headforms for biomechanical tests must exhibit both external biofidelity (i.e., realistic external 

geometry to replicate interactions between the head and its surrounding safety gear) and 

internal biofidelity (i.e., realistic mechanics). External biofidelity is generally not a concern as 

human geometry is easy to replicate with modern measurement and manufacturing techniques. 

Conversely, the internal biofidelity of each newly developed headform is a critical concern that 
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requires validation, as internal biofidelity depends on a range of complex factors such as 

structures and materials of the headform components. 

There are several methods for quantitatively assessing the internal biofidelity based on 

a comparison of headform responses and human cadaveric data. The ISO/TR 9790 defines the 

biofidelity ratings of a dummy human model for side impact based on the differences between 

the surrogate and cadaveric data [96]. Experts contributing to the standard assume the rating is 

“10” if the response meets the specified requirement, “5” if the response is outside the 

requirement but within a corridor width of the response, and “0” if the response is outside the 

defined corridor width. For example, the ISO/TR 9790 defines the biofidelity rating of the 

dummy head based on the resultant linear acceleration at the center of gravity for a lateral drop 

from 20 cm to a rigid plate. The standard specifies that a rating is “10” if the peak acceleration 

is within 110 ± 11 g (g: acceleration due to gravity, 9.8 m/sec2) and “5” if the peak acceleration 

is beyond 110 ± 11 g but within 110 ± 22 g. Otherwise, the rating is “0”. Based on the ratings, 

the ISO/TR 9790 classifies the biofidelity levels into five categories: unacceptable (<2.6), 

marginal (2.6~4.4), fair (4.4~6.5), good (6.5~8.6), and excellent (8.6~10) [96].  

In addition to the aforementioned biofidelity assessment standard for side impact 

responses, the ISO/WD 15830-2 document defines a requirement for the front impact 

responses [97]. Based on the ISO/TR 9790, the ISO/WD 15830-2 standard technical document 

specifies that the biofidelity rating is “10” if the peak acceleration for a 37.7 cm forehead drop 

is within 250 ± 25 g, and the rating is “5” if the peak acceleration is beyond 250 ± 25 g range 

but within 250 ± 50 g. As can be seen from the two requirements, the corridors defined between 

the rating “10” and “0” is peak ± 10% and peak ± 20% of the peak. 
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The biofidelity standards specified in the ISO/TR 9790 and ISO/WD 15830-2 

documents cannot fully describe the closeness between the surrogate’s and human’s data. 

These standards evaluate only the peaks, although the response over time is also important as 

demonstrated by the WSTC, SI, and HIC injury criteria. To describe the time histories of 

responses, Rhule et al. developed the Biofidelity Ranking System (BioRank) to compare the 

surrogate responses to the mean cadaver responses over time [98]. The BioRank calculates the 

ratio (R) of the cumulative variance between the surrogate response and the mean cadaver 

response (DVC) over the cumulative variance between the mean human response and the mean 

plus one standard deviation (CCV): R = DVC/CCV [98]. The lower R indicates the lower 

difference between the surrogate response and the human mean response. A square root of R 

(√𝑅) lower than “1” means that the surrogate response is within one standard deviation from 

the mean human response; √𝑅  between 2 and 3 means the surrogate response is between 2 

and 3 standard deviations from the mean human responses. Parent et al. classified the 

biofidelity levels into four groups: excellent (√𝑅 ≤1), good (1<√𝑅≤2), marginal (2<√𝑅≤3), 

and poor (3< √𝑅 ) [99]. The measure R captures the combined effects of the shape and 

magnitude of the responses, but it cannot distinguish these effects individually. 

Among methods of calculating biofidelity ratings, CORrelation and Analysis (CORA) 

considers the various aspects of information of the time histories. CORA is a rating method 

that calculates the level of closeness between time series. It includes a set of algorithms that 

quantify the level of correlations based on the signal corridor fit, shape, size, and phase shift 

as shown in Figure 2.7 [100]. The result for each factor is a rating value ranging from “0” to 

“1”, and the total rating is the sum of the weighted ratings. A rating of “0” indicates that the 
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testing measurement matches poorly with the reference measurement, and a rating of “1” 

corresponds to a perfect match. Therefore, the CORA ratings can determine the level of 

biofidelity based on multiple features of the measurement [43]. Weights of considering factors 

are defaulted in the software CORA (Total rating = 50% corridor rating + 25% shape rating + 

12.5% size rating + 12.5% phase rating) [100].  

 

Figure 2.7. CORA method structure. The total rating is a summation of 50% of the 

corridor rating, 25% of the shape rating, 12.5% of the size rating, and 12.5% of the phase 

rating. 

The algorithms of CORA include two independent sub-methods, the corridor metric 

and the cross-correlation metric, and the results rely on the parameters that control tolerances. 

For example, the corridor rating 𝐶 is the average of time-step ratings 𝐶𝑖 calculated through the 

following algorithm [100]: 

𝑪𝒊 = {

𝟏 𝒊𝒇  |𝒚(𝒕𝒊) − 𝒙(𝒕𝒊)| < 𝒅𝒊𝒏(𝒕𝒊)

(
𝒅𝒐𝒖𝒕(𝒕𝒊)−|𝒚(𝒕𝒊)−𝒙(𝒕𝒊)|

𝒅𝒐𝒖𝒕(𝒕𝒊)−𝒅𝒊𝒏(𝒕𝒊)
)

𝒌

   𝒅𝒊𝒏(𝒕𝒊) ≤ |𝒚(𝒕𝒊) − 𝒙(𝒕𝒊)|) ≤ 𝒅𝒐𝒖𝒕(𝒕𝒊)

𝟎 𝒊𝒇 |𝒚(𝒕𝒊) − 𝒙(𝒕𝒊)| > 𝒅𝒐𝒖𝒕(𝒕𝒊)

             Equation 2.1 
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𝑪 =
∑ 𝑪𝒊

𝒏
𝒊=𝟏

𝒏
 𝒘𝒊𝒕𝒉 𝟎 ≤ 𝑪𝒊 ≤ 𝟏                                          Equation 2.2 

where 𝑑𝑜𝑢𝑡 is the outer corridor width (distance between the corridor and the reference signal), 

𝑑𝑖𝑛  is the inner corridor width, and 𝑦(𝑡𝑖)  and 𝑥(𝑡𝑖)  are the test and reference signals, 

respectively. The equation indicates that the rating is “0” if a data point lies outside the outer 

corridor and the rating is “1” if it lies within the inner corridor (Figure 2.8).   

 

Figure 2.8. Illustration of the corridor method. 

Ratings for the shape, phase, and size of the measurement are calculated based on the 

cross-correlation of the two signals. The shape rating depends on the maximum normalized 

cross-correlation. A rating of “1” means the shapes of the two signals are the same. The phase 

rating is calculated using the time shift at the maximum cross-correlation and controlled by the 

time intervals. The size rating depends on the ratio of the areas under the curves at the 

maximum cross-correlation. The different ratings interact but emphasize different aspects of 

the measurement [100]. Therefore, the CORA method provides a comprehensive evaluation of 

the similarity of the time histories.  
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There is currently no standard biofidelity interpretation and classification based on the 

absolute CORA ratings, and the ratings depend on user default parameters such as 𝑑𝑖𝑛 and 

𝑑𝑜𝑢𝑡 . However, CORA provides a relative comparison between different head surrogates. 

Using the software defaulted parameters, some researchers agreed that a total CORA rating of 

0.7 can indicate good biofidelity of the surrogate [101].  

Repeatability: As headforms are subjected to repeated regulatory tests, their responses 

should be repeatable to provide reliable results. The ISO/WD 15830-2 suggests using the 

coefficient of variation (COV) to determine the repeatability of a dummy human model [97]. 

The COV is the division of the standard deviation (σ) by the mean (μ) of the repeated tests 

(i.e., COV = σ/μ). The repeatability of a surrogate is classified into four groups: unacceptable 

(>10%), marginal (7%~10%), good (3%~7%), and excellent (≤3%). 

2.4.2 Current Headforms  

Currently, headforms available for biomechanical research and helmet assessments 

focus on replicating global head responses or skull responses, such as head kinematics, impact 

force, and pressure on the skull. Figure 2.9 shows the headforms commonly used in head injury 

research and helmet tests. The Hybrid III consists of an aluminum skull cap and a removable 

vinyl skin [12]. It is normally equipped with nine uniaxial accelerometers at the mass center of 

the headform to measure head kinematics. The kinematic biofidelity of the Hybrid III headform 

was validated for front impacts via comparison with the peak accelerations of cadaver heads 

[102]. Since it has no simulants for intracranial soft tissue, the Hybrid III headform can only 

reconstruct the global kinematics of human heads. Another typical headform, the FOCUS, 

matches the head dimensions, facial features, and skull structures of the human head. It can be 
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instrumented with load cells on the skull to measure the impact force [103]. Some standard 

headforms for helmet certification tests, such as the EN960 and ISO/DIS6220 standards, 

comprise only a headlike skull shell [104]. These headforms have no morphological internal 

components such as the meninges, CSF, and brain, all of which are crucial for determining 

intracranial responses. 

Based on literature research on commercially available headforms, only the standard 

headform used by the NOCSAE  includes a silicon brain simulant in a polyethylene skull [105]. 

The simulant brain only serves as a mass representative of the human brain and its material 

properties are not considered to accurately simulate the brain responses. This headform is 

instrumented with accelerometers to evaluate the performance of football helmets during 

certification tests [106].  

 
Figure 2.9. Commercially available headforms commonly used in head injury research 

and helmet tests. Images of headforms based on EN960 and ISO/DIS 6220 standards were 

from cadexinc.com,  and used with permission.  

A limited number of studies have sought to develop headforms that can replicate the 

ICP of the human head. Freitas et al. presented a surrogate made with a human cranium and 

surrogate brain to investigate the mechanics of ballistic strikes on helmeted heads [17]. Four 

Hybrid III EN960  

 

ISO/DIS 6220 
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pressure transducers were installed on the brain surface to measure CSFP [17]. However, the 

measurements from this headform lack validation against human cadaveric data, and the 

headform is not reusable since the biological human cranium cannot maintain its material 

properties and tends to fracture during impact. Merkle et al. developed a physical surrogate of 

the human head for measuring ICP in blasts [107]. This headform consists of a skull made with 

the glass and epoxy mixture, a brain and brain stem made with silicone, and facial structures 

made with syntactic foams. The headform is instrumented with sensors in the brain to measure 

the IPP and brain displacement. To our knowledge, no research has investigated the suitability 

of using this headform in blunt impact. Recently, Petrone et al. introduced an instrumented 

headform that integrated a 3D-printed skull, brain surrogate, CSF surrogate, and rubber skin 

[19], [21]. Linear accelerometers and angular rate sensors installed on the skull and in the brain 

captured linear and angular kinematics of the skull as well as those of the brain. In addition, 

ten pressure sensors on the inner surface of the skull measured the CSFP at various locations. 

The mechanical properties of the surrogate materials and CSFP have been validated through 

comparisons with cadaver heads. The frontal and parietal CSFP peaks were within the range 

of pressure peaks in Nahum et al.’s cadaveric study for the same linear acceleration peaks 

[108]. However, the biofidelity of kinematics to blunt impacts has not been evaluated from 

published research. 

2.4.3 Headform Used in This Research: BIPED  

The first well-developed BIPED mark 1 (mk1) was fully designed by Ouellet et al. at 

Defense Research and Development Canada Valcartier. The device was initially developed to 

study ICP induced by blast overpressure. With further modifications, the next generation of 
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the BIPED (BIPED mk2) is expected to be applicable to blunt impact loadings as well. The 

BIPED throughout this paper refers to the BIPED mk1. 

   

Figure 2.10. BIPED components: scalp, skull cap, skull base, falx, and tentorium 

membranes attached to the skull (a), and the brain simulant on the basilar skull. The 

bottom of the skull base has a flat area with four blind holes, allowing for connecting the 

headform to a surrogate neck with the bracket attached to the skull base. 

The development of the BIPED targeted achieving biofidelic external geometry, 

internal geometry, and headform materials that replicate the stress transmission within the 

human head. The BIPED consists of a surrogate skin, two halved surrogate skull structures, a 

falx membrane, a tentorium, CSF, and a brain simulant (Figure 2.10). As shown in Figure 2.10 

(a), the skin and skull have simplified facial features, including eyes, nose, mouth, and ears, 

allowing for modeling the interaction between the human head and the surrounding objects 

such as a helmet. The rubber falx and tentorium membranes are attached to the skull cap and 

base, respectively. A threaded hole (1/8-inch diameter) on the skull vertex allows the infusion 

of the surrogate CSF (i.e., saline) into the cranium. After filling the cranial space with saline, 

(b) (a) 
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the hole can be plugged with a plastic screw and sealed with silicone. The bottom of the skull 

base has a flat area with four blind holes, allowing for connecting the headform to other 

surrogate necks. In this research, a custom-designed bracket was attached to the BIPED at the 

flat area (Figure 2.10 (a)). The bracket served as a medium to connect the headform with the 

Hybrid III neck or to add other equipment such as a security rope to the headform. The brain 

surrogate made with silicone gel (Sylgard 527, Dow Corning) simulates the two-hemisphere 

brain cerebrum and incorporates the brain cerebellum and brain stem as a single unit (Figure 

2.10 (b)).  

The top half geometry of the head was based on the ISO J headform, and the internal 

cranial features were based on a commercially available three-dimensional model of the human 

skeleton [109]. The external facial features were inspired by the Canada Standards Association 

CAN/CSA headform and published anthropometric surveys [110]. The skull dimensions 

approximate the 50th percentile male, and the brain surrogate volume (1491 cm3) fits the cranial 

cavity with an average gap of 5 mm relative to the inner surface of the skull. The surrogate 

scalp of 6 mm nominal thickness tightly fits the skull [111].  

Materials of the head components were selected mainly based on their density, 

mechanical properties, robustness, manufacture, and manipulation [22]. The density and elastic 

modulus, which determine the head mass and elastic wave speed in the materials, were the 

basic properties taken into consideration since the BIPED was initially developed for studying 

the ICP induced by low-intensity blast waves. The durability and resistance of the surrogate 

materials are also important as the headform is expected to be reusable in multiple experiments. 

Based on these factors, the TC-854 A/B Polyurethane (BJB Enterprise Inc., CA United States), 
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Sylgard 527 (Dow Corning Corporation, MI United States), and saline water were used as the 

surrogate materials for the skull, brain, and CSF, respectively [22], [111].  

The thickness (6.35 mm), density (1200 kg/m3), and Young’s modulus (2.275 GPa) of 

the surrogate skull are in the range of reported cadaveric skull properties [40], [112]. The 

density (970 kg/m3) and bulk modulus (1.065 GPa ) of the surrogate brain are close to those of 

the human brain (1040 kg/m3 and 2.07 GPa) [113], [114]. The Sylgard 527 silicone gel is 

nearly incompressible with a Poisson's ratio approaching 0.5 [115],  similar to that of the 

human brain tissue (0.49–0.5) [60]. While brain tissue exhibits non-linear viscoelastic behavior 

with shear softening above 5% strain [116], the Sylgard 527 behaves as a linear viscoelastic 

solid for strain up to 50%. Since the bulk modulus of the Sylgard 527 has a magnitude in the 

order of 1 GPa while the shear modulus magnitude is in the order of 1 kPa [117], [118], the 

brain pressure measured with a pressure sensor depends mainly on the bulk property of the 

material. As a result, the effect of non-linear shear behavior on intracranial pressure is 

negligible since shear softening properties only apply to deviatoric behavior. The surrogate 

scalp was molded with urethane Vytaflex 20 (Smooth-On Inc., CA United States) since it has 

a similar density as the human scalp, and it is durable while flexible for the installation of the 

scalp [22].  

The BIPED was the main headform used in the thesis due to its realism in terms of 

internal structures and materials as well as its robustness for repetitive impacts. Compared to 

the commonly used headforms, such as the Hybrid III, FOCUS, and EN960 headforms 

described in Section 2.4.2, the BIPED is a more realistic representation of the human head. 

The BIPED includes many more anatomy details, and the material properties of the BIPED 

deformable skull are closer to the human skull in comparison to the commonly used headforms 
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made with a hollow medal skull. The structure and the material of the headform components 

determine the capability of providing realistic intracranial mechanical measurements. A few 

headforms, such as the one developed by Freitas et al., included head internal components to 

measure ICP. However, the one from Freitas et al. was not intended for multiple uses since it 

used a human cranium that might degrade in the long term and tend to fracture with intensive 

impacts [17]. Despite the advantages of the BIPED over many other headforms, the BIPED 

was originally designed for measuring ICP in blast where the wave propagation speed was a 

key property for consideration. Therefore, some critical properties relevant to impact responses 

such as head stiffness were not well considered. Whether the BIPED can provide biofidelic 

and repeatable kinematic and  ICP responses in blunt impacts is unknown. 

Chapters 3 and 4 describe the studies of characterizing the biofidelity and repeatability 

of the BIPED based on kinematics and ICP to understand the design and responses of the 

BIPED, and Chapter 5 describes the study of refining the BIPED design to improve its 

biofidelity for application to blunt impacts.
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Chapter 3  Characterization of the Kinematic Biofidelity and 

Inter-test Repeatability of Acceleration and Intraparenchymal 

Pressure of the BIPED 

This chapter focuses on characterizing the BIPED kinematic biofidelity and the inter-

test repeatability of the measurements including impact accelerations and IPP. To evaluate the 

kinematic biofidelity, the work described in this chapter mainly compared the BIPED 

accelerations with cadaveric data from a previous study [119]. Since this cadaveric study did 

not measure ICP and no other studies have reported ICP data from the same impact condition, 

the study was unable to quantitatively evaluate the ICP biofidelity. The present study 

characterized the kinematics biofidelity and repeatability of the BIPED model and analyzed 

the main design factors of these characteristics. This is a crucial step toward a biofidelic 

headform measuring both global kinematics and ICP in blunt impact. The materials of this 

chapter have been published in an original research paper [120]. 

3.1 Introduction 

Head injury classifications range in severity from mild to severe, with injury outcomes 

including functional disabilities and, in the worst cases, death [2], [3]. Hospital admissions for 

head injury account for 9% of all trauma admissions in Canada, and 91% of these involve 

traumatic brain injuries (TBIs) [3]. The cost of acquired brain injuries and follow-up treatment 

is over $12.7 billion annually in Canada alone [121]. Understanding injury mechanisms and 

improving protective headgear performance are ongoing objectives to reduce the risk of injury. 
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Biomechanical research correlating impact mechanics with injury types and severities 

typically reports that impact acceleration positively correlates with the pressure in the brain 

and the disruption to brain tissue [122]. This observation leads researchers studying protective 

headgear to associate reductions in global head kinematics with a reduction in the likelihood 

of injury relative to an unprotected head, intending to infer the protective performance of 

headgear. Indeed, numerous studies have focused on quantifying injury severity through global 

head linear accelerations or angular kinematics [65], [123]. There is relatively less research 

work investigating intracranial variables in the context of quantifying the effect of head 

protection; however, some intracranial variables such as intracranial pressure (ICP) and brain 

stresses have shown great potential in assessing the risk of brain injury [124], [125]. A 

headform capable of measuring ICP, the pressure in the cerebrospinal fluid (CSF) or the brain, 

in addition to global head kinematics, may allow for the assessment of headgear based on 

global kinematics (that indicate global motion of the head and severity of impact sustained by 

the head) and ICP (that could arguably indicate disruptive effects to brain tissue). 

A primary requirement for headforms is to offer biofidelic and repeatable 

measurements of mechanical parameters that are relevant for injury research questions or that 

allow for the quantification of impact attenuation. Biofidelity in this study focuses on the 

ability of the surrogate to measure mechanical parameters comparable to the human head 

responses in an impact event. A perfect head model would experience identical mechanics to 

the human head and would be referred to as biofidelic. Since no head model can perfectly 

match the human head, the dimension and physical properties of which also vary between 

individuals, assessments of biofidelity typically report the degree to which a model agrees with 

a specific dataset. The scale of biofidelity can be obtained through metrics such as the 
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cumulative variance of a response peak, and CORrelation and Analysis (CORA) ratings [126], 

[127].  

As headforms are subjected to regulatory tests, their measures should also be repeatable 

to provide robust results. For example, the ISO/WD 15830, a document that provides 

specifications for the WorldSID 50th percentile male side impact dummy, uses the coefficient 

of variation (COV) to assess repeatability [97]. COV is the ratio of the standard deviation over 

the average of repeated tests [97]. Although the ISO/WD 15830 was designed for 

anthropomorphic test devices subjected to side impacts, the methods used to define the 

repeatability levels were also used for other head models and impact locations [128], [129]. 

Commercially available headforms for impact assessments measure only global head 

kinematics and there are very few headforms that measure both intracranial responses and 

global kinematics. The Hybrid III headform has been validated against cadaver skull 

acceleration magnitudes for direct front impacts [130], but it does not contain brain 

components. Another common headform used by the National Operating Committee on 

Standards for Athletic Equipment (NOCSAE) includes a polyethylene skull filled with glycerin 

brain simulant, but again, it solely measures global kinematics [12]. A recent study by Freitas 

et al. focused on the mechanics of ballistic strikes to helmeted heads, presenting a surrogate 

made with a human cranium and a surrogate brain [17]. Four transducers were installed at the 

brain surface to measure the ICP in the CSF. However, the measurements of this headform 

lack validation against human cadaveric data, and the headform is not re-usable since the 

human crania tend to fracture during impacts and their material properties are sensitive to the 

environment. Recently, Petrone et al. introduced an instrumented headform that integrated a 

3D-printed skull, brain surrogate, CSF surrogate, and rubber skin [19], [21]. Accelerometers 
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and angular rate sensors were installed in the brain and on the skull to capture brain linear and 

angular kinematics and global head accelerations. In addition, ten pressure sensors were 

installed on the inner surface of the skull to measure the ICP in the CSF. The mechanical 

properties of the surrogate materials and ICP were validated against cadaveric data. The frontal 

and parietal pressures were demonstrated as being within the range of pressure peaks in Nahum 

et al.’s cadaveric study when matching their acceleration peaks [108]. However, the biofidelity 

of kinematic responses is unknown for this head model. 

The first objective of the present study was to characterize the global kinematic 

biofidelity of a headform that was originally developed for research in blast scenarios, but that 

is now also considered for use under blunt impact scenarios. This model, named the Blast 

Injury Protection Evaluation Device (BIPED), comprises simulants for the skin, skull, and 

intracranial components. Drop impact tests were conducted with the BIPED and the commonly 

used Hybrid III head models, and measures from these experiments were compared to available 

literature data of cadaver heads subjected to similar impact conditions. The biofidelity of the 

acceleration response was assessed using statistical approaches including CORA. The second 

objective was to assess the repeatability of the global head kinematics and the ICP in the brain 

parenchyma, i.e., the intraparenchymal pressure (IPP). Biofidelity ratings of the IPP were not 

obtained due to a lack of cadaveric pressure data, specifically in drop impacts. 

3.2 Method 

3.2.1 Head Surrogate and Instrumentation  

The BIPED comprises a surrogate scalp, two halved skulls, a fluid layer serving as the 

cerebrospinal fluid, tentorium and falx membranes, and a brain surrogate (Figure 3.1(a)). 
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Details on the development of this head surrogate, including the head geometry, material 

selection, and instrumentation can be found in previous literature [16], [22]. Briefly, the top 

half geometry of the head was based on the ISO J headform, and the internal cranial features 

were based on a commercially available three-dimensional model of the human skeleton [109]. 

The external facial features were inspired by the Canada Standards Association CAN/CSA 

headform and published anthropometric surveys [110]. The skull dimensions approximate the 

average male, and the brain surrogate volume (1491 cm3) fits the cranial cavity with an average 

gap of 5 mm relative to the inner surface of the skull. Meninges except for the tentorium and 

falx membranes were excluded to simplify the structure. The surrogate scalp of 6 mm nominal 

thickness tightly fits the skull [111].  

Materials of the head components were selected mainly based on their density, 

mechanical properties, and robustness [22]. The density and elastic modulus, which determine 

the elastic wave speed in the materials, were the basic properties considered since the BIPED 

was initially developed to study the effect of low intensity blast waves on the brain, where only 

very small deformations occur. Headforms are expected to be reusable for multiple 

experiments. Therefore, the durability and resistance of the surrogate materials are important. 

Based on these factors, the TC-854 A/B Polyurethane (BJB Enterprise Inc., CA United States), 

Sylgard 527 (Dow Corning Corporation, MI United States), and saline water were used as the 

surrogate materials for the skull, brain, and CSF, respectively [22], [111]. The thickness (6.35 

mm), density (1200 kg/m3), and Young’s modulus (2.275 GPa) of the surrogate skull are in the 

range of reported cadaveric skull properties [40], [112]. The density (970 kg/m3) and bulk 

modulus (1.065 GPa ) of the surrogate brain are close to those of the human brain (1040 kg/m3 

and 2.07 GPa) [113], [114]. Urethane rubber made with Vytaflex 20 (Smooth-On Inc., CA 
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United States) was used as the surrogate scalp based on similar considerations [22]. Note that 

other material properties such as the shear modulus and viscosity of the brain also affect its 

strain states, but these properties are not yet considered in this model. The effects of complex 

properties such as nonlinear viscoelasticity and properties varying with strain rates were also 

ignored in this study; however, they could be explored in future work. 

As shown in Figure 3.1(b) and (c), three pressure sensors (XCL-072, Kulite 

Semiconductor Products, NJ United States) were cast at the front, back, and right side within 

the brain parenchyma. The sensing tip coordinates (units: mm) were referenced with respect 

to the center of the BIPED neck mounting surface (Figure 3.1(b)) and were (62.3, -21.6, 70.8), 

(0, -58.4, 70.8), and (-73, -21.6, 70.8) for the front, side, and back IPP sensor, respectively 

(Table 3.1). The front and back sensor diaphragms were oriented toward the outside of the 

head along the x-axis and the side sensor diaphragm was oriented along the y axis toward the 

head surface. The back and front sensors were not in the midsagittal plane because the falx 

membrane was in this plane of the brain.  

The brain pressure response of the BIPED has been compared to that of cadaver 

specimens for blast conditions [131]. The analysis focused on back IPP since the position of 

the back sensor in the BIPED was closest to that in the cadaver head [131]. The back IPP 

magnitude was found to be in good agreement with the cadaver response for three tested shock 

severities and two loading directions [131]. The IPP measures have also demonstrated 

repeatability for forehead drops onto a sports-field turf surface [111]. Nevertheless, the BIPED 

requires an in-depth assessment of both biofidelity and repeatability under blunt impacts at 

multiple heights and locations.  
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Figure 3.1. (a) View of the BIPED components showing the scalp, brain, basilar skull, 

upper skull cap, and falx membrane. (b) Right to left view of X-ray image showing back 

and front IPP sensors. (c) Front to back view of X-ray image showing the right side IPP 

sensor. The sensor and impact locations can be referred to the coordinate system 

originating at the center of the bottom neck mounting surface which is 12.6 mm to the 

Frankfort plane (shown in (b)).  

 

Table 3.1. Location coordinates and depths of the IPP sensor sensing tips. The coordinate 

system has its origin at the center of the BIPED neck mounting surface, shown in Figure 

3.1(b) and (c). The depths were the distance of the sensor tips from the brain surface in 

the transversal plane of the three sensors. The front and back IPP sensors were oriented 

along the x axis, with the front one following the positive direction and the back one 

following the negative direction. The side IPP sensor was oriented along the y axis in the 

positive direction. 

Sensor Front  Side  Back  

Location 

(mm) 

(62.3, -21.6, 

70.8) 

(0, -58.4, 

70.8) 

(-73, -21.6, 

70.8) 

Depth (mm)  18.7 8.5 14.8 

(a) 

Back/ Front IPP sensor  

(b) (c) 

Right side IPP sensor  

Front plane Median plane 

X 

Y 
Z Frankfort plane 

Transverse plane 
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3.2.2 Experimental Setup and Validation  

To offer comparable impact conditions, we built a drop impact setup similar to the one 

used in a previous cadaver experiment [119]. The global linear accelerations were estimated 

by normalizing the impact force by the head mass, which agrees with the method used in the 

cadaver experiment [119]. Specifically, our setup (Figure 3.2) consisted of a monorail drop 

tower, a gimbal assembly, an impact plate, a load cell, an anvil, a cushion foam, and data 

acquisition hardware and software. The thickness of the aluminum plate (3/4 inch) was the 

same as that used in the cadaver experiment. The headform was held by the gimbal before the 

test. After releasing the gimbal, the headform dropped with the gimbal until the surrogate 

impacted the plate. The gimbal was then dropped onto the 15 cm thick polyurethane cushion 

foam on the ground. The foam thickness was selected to mitigate the impact force on the 

gimbal to avoid damage to the gimbal. 

 

Figure 3.2. Headform positioned within the experimental setup that consisted of the drop 

tower, gimbal assembly, impact plate, load cell, anvil, and cushion foam. 
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A load cell (PCB 208C05, PCB Piezotronics Inc., NY United States) which can 

measure forces up to 22.24 kN, was installed at the center of the cylindrical anvil to quantify 

the impact force. The impact plate was placed on top of the load cell. Two bearings on the 

plate were aligned with two shafts that were vertically fixed to the anvil to constrain the linear 

motion of the plate. Additionally, a laser sensor was mounted on the monorail to measure the 

impact velocity. IPP signals were filtered with a hardware anti-aliasing filter with a cut-off 

frequency of 4 kHz. The impact velocity, impact force, and IPP measurements were acquired 

synchronously at a rate of 25 kHz and saved via LabVIEW (National Instruments, TX United 

States).  

A 5 kg spherical impactor was used to verify the accuracy and repeatability of the force 

measurements. A polyurethane film of 3 mm thickness and 70 Shore A hardness was attached 

to the contact surface of the metal impactor to simulate the friction effect of the head scalp. A 

single-axis linear piezoresistive accelerometer (Xiamen Niell, Model CAYZ147V-2-2KA, 

China) installed at the center of the impactor measured the linear acceleration along the impact 

direction. Ten drops from a 7 cm height were performed. The accelerations (160 ± 3.35 g) 

calculated from the load cell force were within the range that the human head would experience 

during the drop experiment [119]. The acceleration magnitudes calculated from the load cell 

were within 1% of those measured by the accelerometer. Additionally, the low COV of the 

force peaks (2.1%) further indicated the instrumentation repeatability. 

3.2.3 Drop Test Configuration 

In the first series of tests, the BIPED and Hybrid III were impacted by adjusting the 

impact velocities and positions to the same as those in the reference cadaver experiment [119]. 
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Each headform was impacted at four locations in the following order: front, left parietal, right 

parietal, and vertex (Figure 3.3). Referring to the coordinate system at the center of the neck 

mounting surface (12.5 mm to the Frankfort plane), the impact location coordinates (units: 

mm) for the front, left, right, and vertex were (68.8, 0, 132), (-13, 72.4, 132), (-13, -72.4, 132), 

and (0, 0, 157), respectively (Figure 3.3).  

 

Figure 3.3. locations at the front (a), vertex (b), left parietal (c), and right parietal (d) 

regions, with the black markers representing the contact sites. Referring to the 

coordinate system shown in Figure 3.1, the impact location coordinates (unit: mm) for 

the front, left, right, and vertex were (68.8, 0, 132), (-13, 72.4, 132), (-13, -72.4, 132), and 

(0, 0, 157), respectively.  

The reference cadaver experiment performed free fall drops from 15 and 30 cm, which 

are equivalent to impact velocities of approximately 1.72 and 2.43 m/s, respectively [119]. In 

our setup, friction occurred between the gimbal rollers and the rail. To account for the friction, 

the headform drops were set to generate impact velocities consistent with the impact velocities 
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in cadaver head drops. As a result, the headform was dropped from a low height of 18.5 cm 

and a high height of 39 cm for each impact location [119]. All the low height tests were 

performed first, and five drops were repeated for each impact scenario. 

In the second series of tests, the BIPED and Hybrid III were dropped on the front at 

five different heights with five repetitions for each height. The first height was 10 cm while 

the subsequent heights increased with 5 cm increments until 30 cm. The data from the previous 

front drops with 18.5 cm and 39 cm heights were pooled in the data in these series of tests for 

data analysis. Higher levels of height were not adopted to maintain the integrity of the head for 

future investigations. This series allowed for a comparison of accelerations between the two 

headforms as drop height increased, considering that the Hybrid III acceleration peaks have 

been validated for frontal impacts [130]. To address the friction, all impact heights were 

transformed to equivalent free fall (EFF) height ℎ𝑒 using the impact velocity 𝑣 (ℎ𝑒 =
𝑣2

2𝑔
) for 

data analysis. 

3.2.4 Data Processing and Analysis  

3.2.4.1 Data Pre-Processing  

Data were processed and analyzed using MATLAB R2019b (MathWorks, MA United 

States) and CORA release 3.6.1 (pdh, Gaimersheim, Germany). The raw data were filtered 

using a 4th order low-pass Butterworth filter based on the SAE J211b Class 1000 filter 

specifications [132]. The peaks and pulse durations of the linear accelerations and IPP were 

obtained from the time series data. Pulse durations of the accelerations were defined as the 

period for which the acceleration was above 0.1% of its peak [133]. The duration of the IPP 

was defined as the period above 20% of its peak based on a previous ICP study [134]. This 
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was done since some IPP signals failed to drop to 0.1% of their peaks during the first major 

impulse.  

This work mainly compared the BIPED data to the cadaveric data from Loyd and 

colleagues’ drop experiments with six adult cadaver heads [133]. Since the masses of the 

cadaver heads (3.08–3.45 kg), BIPED (3.85 kg), and Hybrid III headform (4.65 kg) were not 

consistent, the acceleration data were mass-scaled to the equivalent responses of the 50th 

percentile male (4.5 kg) for the biofidelity evaluation, based on a previously documented 

scaling law [135], [136]. Data for repeatability evaluation were not mass-scaled to preserve the 

original measurement.  

3.2.4.2 Acceleration Biofidelity 

Statistical tests and analyses were performed to compare the BIPED global 

accelerations with those of the cadaver subjects and Hybrid III headform. For the first series 

of tests, the student’s t-test and Welch's t-test were selected when the assumption of normal 

distributions was validated; otherwise, the Mann-Whitney U test was used [137]. The 

normality of the samples was verified by the Shapiro-Wilk test, and the equality of variances 

was assessed by Levene’s test [137]. For the second series of impacts, an analysis of covariance 

(ANCOVA) was used to compare the global head accelerations of the BIPED with those of 

the Hybrid III for front impact [138].  

CORA was used to quantitatively assess the level of biofidelity for the time series since 

the CORA method evaluates signals in comprehensive aspects. Developed by Gehre et al., 

CORA is a rating method that calculates the level of agreement between time series [100]. It 

characterizes the time series from two perspectives: the cross-correlation and the corridor. 
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Cross-correlation considers the signal shape, size, and phase. The cross-correlation (CC) rating 

is defined as the weighted sum of the shape rating (50%), size rating (25%), and phase rating 

(25%), as default by CORA [100]. The corridor evaluates the agreement of the time series with 

corridors, which is a range of the data points along with the time series. It specifies two 

corridors of the reference signal: an inner corridor and an outer corridor. Its rating is calculated 

based on the corridor width and the distance between the testing and reference signals. For 

example, the corridor rating is “0” when the testing signal is beyond the outer corridor, and the 

rating is “1” when the testing signal is within the inner corridor [100]. The total rating is defined 

as 50% of the corridor rating plus 50% of the CC [100]. A rating of “0” indicates that the 

testing signal matches poorly with the reference signal, and a rating of “1” represents a perfect 

match. Biofidelity classification via the CORA numerical ratings refers to several international 

standards as possible alternatives [96], [97]. Gehre and colleagues suggest CORA meeting or 

exceeding 0.7 for good biofidelity [101], but acknowledge that other definitions are possible.  

The average time series of repeated tests from the BIPED and Hybrid III were 

compared to the average cadaver time series. All parameters in the CORA method were set at 

their defaults, except the corridor widths and phase intervals, which were selected based on the 

assumption that a poor headform (rating = “0”) can distinguish an injury risk of 40% from 

60%. For example, the global linear accelerations required for 40% and 60% risk of concussion 

are about 74 and 88 g from Pellman et al. with a difference of 16% (14 g) of the 88 g. Thus, 

the acceleration difference between a poor headform and a cadaveric head should be less than 

16% of the cadaveric data [139]. Based on this assumption, the inner corridor width was set at 

one standard deviation of the cadaver time series, and the outer corridor width was one standard 
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deviation plus 15% of acceleration peaks instead of the default 50% of the peaks. Similarly, 

conservative boundaries of 2% and 20% were chosen as the low and high phase intervals. 

3.2.4.3 Impact Stiffness 

Head impact stiffness during the loading period was estimated to explore the 

mechanical properties that may affect impact responses. Head displacement was obtained 

through the double time integral of the average acceleration time series. Impact stiffness was 

then calculated by linearly fitting the force-displacement curves for each impact scenario. The 

region of the curve chosen to perform the linear fitting was based on previous work [119]. 

3.2.4.4 Pressure Analysis and Comparison 

Similar to a cadaveric study, the BIPED IPP measures were associated with the 

accelerations via linear regression to evaluate the relationship between them [108]. The 

pressure was only qualitatively compared to that of cadaveric data from Nahum et al. and 

Hardy et al. [108], [134], due to the differences in the impact conditions considered in their 

respective experiments. 

3.2.4.5 Repeatability of Acceleration and IPP Measurements  

The average (Ave.), standard deviation (Std.), and COV of the peaks and pulse 

durations of the measurements were calculated for the first test series to evaluate their 

repeatability. Based on the ISO/WD 15830 document, the repeatability is regarded as excellent 

when the COV is ≤ 3%, whereas a COV > 10% is considered to be poor or unacceptable [97].  
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3.3 Results 

3.3.1 Comparison of Accelerations 

Typical acceleration time histories for the cadaver, BIPED, and Hybrid III for the 

different impact locations are displayed in Figure 3.4 The acceleration peaks and pulse 

durations for the three head types, and the relative differences and p-values for the statistic 

tests between head types are tabulated in Table 3.2 and Table 3.3. Figure 3.5 and Figure 3.6 

show the averages and standard deviations for the acceleration peaks and pulse durations for 

the three head types. Additionally, Figure 3.7 compares the association of acceleration peaks 

and pulse durations with EFF height for the BIPED and Hybrid III, and Table 3.4 reports the 

mean and standard deviations for each impact height. 

 

Figure 3.4. Average acceleration plots of the cadaver heads (a), BIPED (b), and Hybrid 

III (c) for the four different impact locations from high height drops. Plots in (a) were 

created by mass scaling and then taking the average of all cadaveric data from a doctoral 

dissertation [133], with the author's permission. 

Peak accelerations were greatest for vertex head impacts followed by front, right 

parietal, and then left parietal for the three head types (Figure 3.4). Vertex impacts were 

(a) (b) (c) 
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characterized by higher and narrower acceleration profiles than the front impacts, while the 

side impacts exhibited the lowest peaks and greatest pulse durations. The acceleration 

magnitudes for the right impact were 3.5 to 6.9% greater than for the left impact, possibly due 

to the variation of head positions upon impact. 

The majority of BIPED acceleration peaks were not significantly different from 

cadaver accelerations (p>0.05) except for a few low height drops, whereas the BIPED pulse 

durations were generally greater than the cadaver durations (p<0.01). Although the average 

acceleration peaks of the BIPED were 4.9 to 31.6% lower than for cadaver heads, the difference 

was not statistically significant for most impacts (Table 3.2). The front impact resulted in the 

lowest acceleration peak difference from cadaveric data (4.9 and 9.6%) compared to impacts 

at other locations for the low and high height impacts. Significant differences were only 

observed in low height impacts at the left, right, and vertex locations, for which the acceleration 

peaks were respectively 23.4%, 20.6%, and 31.6% lower than in the cadaver experiments. This 

difference may be attributed to the difference in local material response or improper fit of the 

scalp on the skull of the BIPED. Similarly, the Hybrid III acceleration peaks were also lower 

(3.5 to 25.3%) than for the cadaveric data, but the difference was generally not statistically 

significant. However, the pulse durations of the two headforms were all significantly greater 

than the cadaveric data (p<0.01). Compared to cadaveric data, the relative duration differences 

for the BIPED and Hybrid III were 23.5 to 107.7% and 19 to 61.2%, respectively (Table 3.3). 

The BIPED pulse durations were 48.5 % greater than the cadaveric data on average. 
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Table 3.2. Mass-scaled acceleration peaks (unit: g or 9.8 m/s^2) of cadaver heads, Hybrid 

III, and BIPED, with averages (Ave.), standard deviations (Std.), and relative difference 

of the averages between the head types. Diff B&C ((B-C)/C), Diff H&C ((H-C)/H), and 

Diff B&H ((B-H)/H) represent the relative difference between the BIPED (B) and cadaver 

heads (C), Hybrid III (H) and cadaver heads, and BIPED and Hybrid III, respectively. 

F_low, and F_high columns represent low and high height impacts at the front, and L, R, 

and V represent impacts at the left, right, and vertex. Cadaveric data were mass-scaled 

to account for differences in cadaver head mass, relative to the BIPED and Hybrid III 

and were created with the author’s permission from a doctoral dissertation [133]. 

Cadaver F_low F_high L_low L_high R_low R_high V_low V_high 

Ave. 102.4 161.6 98.1 139.5 98.0 137.5 128.5 191.3 

Std. 17.5 25.9 13.6 32.3 15.2 11.7 8.9 21.4 

BIPED       

Trial 1 93.9 153.6 81.2 111.7 80.7 121.8 80.1 189.8 

Trial 2 94.2 150.9 76.2 108.8 78.8 111.0 87.9 173.7 

Trial 3 90.6 157.4 68.6 131.6 78.5 122.0 86.1 - 

Trial 4 90.8 155.0 75.5 114.2 77.1 136.2 97.5 - 

Trial 5 93.6 152.0 74.4 116.4 74.4 135.2 88.1 - 

Ave. 92.6 153.8 75.2 116.5 77.9 125.2 87.9 181.7 
Std. 1.8 2.5 4.5 8.9 2.3 10.6 6.2 11.4 

Hybrid III       

Trial 1 94.3 151.9 75.4 100.1 69.9 114.7 112.9 192.4 

Trial 2 106.2 144.2 81.2 126.0 73.1 121.8 128.5 195.5 

Trial 3 92.6 166.7 78.7 119.6 81.4 124.2 100.9 189.9 

Trial 4 102.8 152.6 64.0 113.0 74.0 123.7 125.6 179.0 

Trial 5 98.3 166.9 67.1 115.9 76.5 112.7 120.5 189.9 

Ave. 98.9 156.5 73.3 114.9 75.0 119.4 117.7 189.3 
Std. 5.7 10.0 7.4 9.6 4.3 5.4 11.1 6.2 

Diff B&C -9.6% -4.9% -23.4% -16.5% -20.6% -8.9% -31.6% -5.0% 

p value 0.230 0.493 0.006 0.147 0.014 0.104 0.000a 0.400 

Diff H&C -3.5% -3.2% -25.3% -17.7% -23.5% -13.2% -8.5% -1.0% 
p value 0.676 0.687 0.005 0.126 0.006 0.011 0.103 0.833 
Diff B&H -6.3% -1.7% 2.6% 1.4% 3.9% 4.9% -25.3% -4.0% 
p value 0.069 0.586 0.637 0.787 0.220 0.302 0.001 0.140 

Note: a. 0.000 represents p<0.0005 
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Table 3.3. Mass-scaled acceleration durations (unit: ms) of the cadaver heads, Hybrid 

III, and BIPED, with averages (Ave.), standard deviations (Std.), relative difference, p 

values between the BIPED and cadaver heads (B&C), Hybrid III and cadaver heads 

(H&C), and BIPED and Hybrid III (B&H) for each scenario. Cadaveric data were mass-

scaled to account for differences in cadaver head mass, relative to the BIPED and Hybrid 

III and were created with author permission from a doctoral dissertation [133]. 

Cadaver F_low F_high L_low L_high R_low R_high V_low V_high 

Ave. 4.7 4.5 5.4 5.3 4.6 4.9 4.0 3.9 
Std. 0.9 1.1 1.2 0.7 0.8 0.5 0.4 0.3 

BIPED 
Trial 1 7.1 6.4 7.8 7.0 7.2 6.0 8.6 6.3 
Trial 2 7.2 6.8 7.5 6.3 6.5 6.4 8.6 5.8 
Trial 3 7.1 6.4 7.5 6.7 6.2 6.1 8.6 - 
Trial 4 7.0 6.1 7.9 6.3 6.4 6.0 8.3 - 
Trial 5 7.1 6.0 7.0 6.6 7.0 5.9 8.0 - 
Ave. 7.1 6.4 7.5 6.6 6.7 6.1 8.4 6.1 
Std. 0.0 0.3 0.4 0.3 0.4 0.2 0.3 0.4 
Hybrid III 
Trial 1 7.6 6.4 7.0 7.1 7.3 6.8 6.7 5.7 
Trial 2 6.9 6.2 7.2 6.2 7.7 6.8 6.0 5.5 
Trial 3 7.7 6.2 7.7 6.4 7.1 6.7 7.5 5.5 
Trial 4 7.7 6.6 7.5 6.5 7.7 7.6 5.0 5.6 
Trial 5 7.9 6.4 8.0 6.0 7.3 6.8 6.2 5.5 
Ave. 7.4 6.3 7.4 6.4 7.3 6.9 6.2 5.5 
Std. 0.4 0.2 0.4 0.4 0.3 0.4 0.9 0.1 

Diff B&C 51.1% 40.2% 39.8% 23.7% 46.2% 23.5% 107.7% 56.0% 
p value 0.000a 0.005 0.005 0.004 0.000 0.001 0.000 0.000 
Diff H&C 58.5% 38.2% 36.9% 19.5% 61.2% 39.6% 53.4% 40.5% 
p value 0.000 0.004 0.006 0.011 0.000 0.000 0.000 0.000 
Diff B&H -4.7% 1.4% 2.1% 3.5% -9.3% -11.5% 35.4% 11.0% 
p value 0.034 0.751 0.788 0.577 0.008 0.002 0.001 0.001 

Note: a. 0.000 represents p<0.0005 

When comparing the BIPED with the Hybrid III, acceleration peaks had no significant 

difference for most impacts (p>0.05), except for the vertex impact (p=0.001) from the low 

height (Figure 3.5). The acceleration duration for the BIPED was generally lower than for the 

Hybrid III (p<0.05), but the relative difference between the BIPED and Hybrid III 
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(-3.5 ± 14.8%) was smaller than that between the BIPED and cadavers (48.5 ± 26.6%). When 

comparing the accelerations from the series of front impacts, results showed differences for 

both the acceleration peaks and durations (p<0.05) (Figure 3.7 and Table 3.4).  Nevertheless, 

no significant difference was found for the effect of impact height on the peaks (p=0.37) and 

durations (p=0.89) between the two headforms. 

 

Figure 3.5. Average acceleration peaks with one standard deviation of the cadaver heads, 

BIPED, and Hybrid III from impacts at four locations (front, left, right, and vertex) and 

two heights. * Indicates a significant difference between the BIPED and cadaveric data. 

Cadaveric data were mass-scaled to account for differences in cadaver head mass relative 

to the BIPED and Hybrid III and were created with author permission from a doctoral 

dissertation [133].  
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Figure 3.6. Average acceleration durations with one standard deviation of the cadaver 

heads, BIPED, and Hybrid III from impacts at four locations (front, left, right, and 

vertex) and two heights. * Indicates a significant difference between the BIPED and 

cadaveric data. Cadaveric data were mass-scaled to account for differences in cadaver 

head mass relative to the BIPED and Hybrid III and were created with author permission 

from a doctoral dissertation [133]. 

 

Figure 3.7. The acceleration peaks (a) and pulse durations (b) in dependence of equivalent 

free fall (EFF) height for the BIPED and Hybrid III during front impacts. 
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Table 3.4. Acceleration peaks and durations for the BIPED and Hybrid III front impact. 

The averages and standard deviations (in brackets) of the peaks, durations, and 

equivalent free fall (EFF) height are tabulated for drops from 10 to 30 cm plus the 18.5 

cm and 39 cm heights. 

Nominal drop height 

(cm) 

10 15 18.5 20 25 30 39 

        
BIPED EFF 

 height (cm) 

8.1 

(0.3) 

13.2 

(0.3) 

15.6 

(0.2) 

16.3 

(0.4) 

20.1 

(0.5) 

25.8 

(0.7) 

30.8 

(0.7) 
        

BIPED acceleration  

peaks (g) 

68.3 

(2.5) 

91.2 

(3.9) 

92.6 

(1.8) 

101.5 

(6.0) 

115.7 

(11.2) 

136.5 

(15.3) 

153.8 

(2.5) 
        

BIPED acceleration 

durations (ms) 

8.0 

(0.2) 

7.2 

(0.3) 

7.1 

(0.0) 

6.9 

(0.1) 

6.7 

(0.3) 

6.4 

(0.3) 

6.4 

(0.3) 
        

Hybrid III EFF  

height (cm) 

8.6 

(0.2) 

12.3 

(0.4) 

15.0 

(1.5) 

16.4 

(0.5) 

19.3 

(2.4) 

24.4 

(4.3) 

29.5 

(0.5) 
        

Hybrid III acceleration  

peaks (g) 

76.7 

(6.7) 

94.7 

(2.7) 

98.9 

(5.7) 

117.3 

(3.4) 

136.2 

(10.9) 

142.3 

(12.0) 

156.5 

(10) 
        

Hybrid III acceleration 

durations (ms) 

8.2 

(0.7) 

7.4 

(0.3) 

7.4 

(0.4) 

6.8 

(0.2) 

7.1 

(0.4) 

6.7 

(0.4) 

6.3 

(0.2) 

 

3.3.2 Acceleration CORA Ratings 

Table 3.5 presents the CORA sub-ratings and total ratings of the BIPED and Hybrid 

III, and  Figure 3.8 illustrates the ratings of the BIPED for each impact scenario. The total 

ratings of the BIPED (0.50 to 0.61) were generally close to those of the Hybrid III (0.51 to 

0.77). The CC ratings for the BIPED were relatively high (0.74 to 0.85), and over twice as high 

as the corridor ratings (0.26 to 0.47) for all impact scenarios. Like the BIPED, the CC ratings 

of the Hybrid III (0.80 to 0.91) were greater than the corridor ratings (0.24 to 0.76). Note that 

the total ratings varied with impact location. Except for the left impact, the total ratings for the 

Hybrid III and BIPED all exceeded or met 0.50 but were below 0.7. 

(

a) 

(

c) 
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Table 3.5. CORA ratings of BIPED and Hybrid III accelerations relative to cadaver 

heads for each impact scenario. Cross-correlation rating (CC) is a sum of weighted shape, 

size, and phase ratings. The total rating is a sum of 25.0% shape rating, 12.5% size rating, 

12.5% phase rating, and 50% corridor rating. Impact scenarios include front, left, right, 

and vertex impacts at the low and high heights.  

Scenario Subject 
Shape  Size  Phase    CC   Corridor  

Total 
25.0% 12.5% 12.5%   --  50.0% 

F_low  BIPED 0.84 0.90 0.49   0.77  0.30 0.54 

Hybrid III 0.88 0.87 0.49   0.78  0.25 0.51 
 

F_high  BIPED 0.84 0.82 0.56   0.77  0.38 0.58 

Hybrid III 0.96 0.92 0.68   0.88  0.47 0.68 
               

L_low BIPED 0.80 0.98 0.76   0.84  0.38 0.61 

Hybrid III 0.95 0.82 0.91   0.91  0.64 0.77 
               

L_high   BIPED 0.85 0.98 0.60   0.82  0.41 0.61 

Hybrid III 0.99 0.79 0.94   0.93  0.59 0.76 
               

R_low      BIPED 0.75 0.89 0.94   0.83  0.31 0.57 

Hybrid III 0.73 0.87 0.94   0.82  0.31 0.56 
               

R_high BIPED 0.93 0.93 0.62   0.85  0.31 0.58 

Hybrid III 0.98 0.84 0.78   0.90  0.49 0.69 
                

V_low BIPED 0.68 0.74 0.91   0.75  0.26 0.50 

Hybrid III 0.78 0.98 0.90   0.86  0.24 0.55 
                

V_high BIPED 0.67 0.80 0.81   0.74  0.30 0.53 

Hybrid III 0.91 0.94 0.81   0.89  0.34 0.62 

 



Page | 60  

 

 
Figure 3.8. CORA ratings of average BIPED acceleration time series relative to the 

average of cadaveric data for each impact scenario. 

3.3.3 Impact Stiffness  

Sample plots of the accelerations, force-displacement, and fitting lines for calculating 

the impact stiffness are displayed in Figure 3.9. Table 3.6 tabulates the impact stiffness of the 

three head types and the relative difference between head types for each impact scenario. The 

impact stiffness of the BIPED ranged from 1185 to 2997 N/mm among the different impact 

scenarios, which was 24 to 53% lower than for the cadaver heads (1973 to 3947 N/mm). The 

Hybrid III also presented lower stiffness (1476 to 3419 N/mm) compared to the cadaver heads, 

whereas their relative difference (7 to 35%) was generally lower than the difference between 

the BIPED and cadaver heads. 

Despite the differences, an interesting finding was that the three head types shared 

similar stiffness variations with impact height and location. As shown in Table 3.6, the impact 

stiffness increased with impact height for all impact locations. For the same impact location, 

the acceleration difference between the cadaver and BIPED decreased as the difference in the 

impact stiffness decreased. Moreover, the vertex impact stiffness was greater than that of the 
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front and side impacts for the three types of head subjects. These similarities in the stiffness 

variation with impact location can be attributed to the similar shape and dimensions of the skull 

and scalp. 

Table 3.6. Impact stiffness (units: N/mm) and relative stiffness difference between the 

head types during the loading period of each impact scenario. Diff B&C ((SB-SC)/SC) 

represents the stiffness difference between the BIPED (SB) and cadaver (SC) relative to 

the cadaver stiffness. Similarly, Diff H&C and Diff B&H represent the relative stiffness 

differences between the Hybrid III and cadaver heads, and between the BIPED and the 

Hybrid III. All the stiffnesses were calculated based on the average force and 

accelerations for each impact scenario. Cadaver stiffnesses were calculated based on the 

mass-scaled cadaveric data and were created with author permission from a doctoral 

dissertation [32].  

 F_low F_high L_low L_high R_low R_high V_low V_high 

Cadaver 2297 2984 1973 2301 2291 2342 3365 3947 

BIPED 1596 2094 1185 1431 1261 1736 1590 2997 

Hybrid III 1997 2761 1476 1841 1496 1866 2905 3419 

Diff B&C -31% -30% -40% -38% -45% -26% -53% -24% 

Diff H&C -13% -7% -25% -20% -35% -20% -14% -13% 

Diff B&H -20% -24% -20% -22% -16% -7% -45% -12% 
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Figure 3.9. Representative plots of the BIPED and Hybrid III showing the average 

acceleration, force-displacement, and impact stiffness. Displayed is the change of the 

acceleration with time (a) and the force-displacement relation along with linear fitting 

lines (cyan color) (b) for front impact from the high height. 

3.3.4 Comparison of Pressure 

The front, side, and back IPP magnitudes show linear correlations with the head 

acceleration for the front impact scenario with coefficients of determination, R2, being 0.88 to 

0.99 (Figure 3.10). These highly linear relationships were similar to those in the Nahum et al. 

cadaveric study that measured the ICP in the CSF, although the linear slopes of the regressions 

for the BIPED front (1.2 kPa/g), side (0.90 kPa/g), and back (0.39 kPa/g) were higher than 

those reported by Nahum et al. (0.94, 0.58, 0.23 kPa/g) [108]. In addition, the BIPED front IPP 

in the brain (82 to 199 kPa) was greater than the side IPP (59 to 150 kPa) while the back IPP 

(17 to 59 kPa) was the lowest, which was similar to the cadaveric ICP measured in the CSF. 

However, the back IPP in the BIPED did not experience obvious negative pressures as that in 

Nahum’s experiment with cadaver tests #37, #48, and #49, possibly due to the difference in 

internal structure, impact mode, and sensor location [108]. Note that The BIPED sensors 

measured the pressure in the brain while Nahum’s cadaveric study measured the pressure in 

(a) (b) 
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the CSF, and the range of impact energy in Nahum’s study was significantly higher than that 

of the present study. 

 

Figure 3.10. BIPED IPP magnitude plotted against global head linear accelerations for 

front impacts. 

3.3.5 Repeatability of Acceleration and IPP Measurements 

Representative acceleration and IPP measurements for each impact location are 

displayed in Figure 3.11 by showing the average and the ±1 standard deviation band of the 

repeated tests. Maximal standard deviations generally occurred at the peaks. The narrow 

standard deviation band throughout the time series suggests good repeatability of the 

measurements. 
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L 

    

Figure 3.11. Representative plots showing the average measurements of repeated tests 

with one standard deviation. Linear acceleration, front IPP, side IPP, and back IPP 

measurements for impact at the front (F), right (R), and left (L) from the high height are 

displayed. 

For the acceleration and IPP peaks and durations, Table 3.7 tabulates their averages 

(Ave.), standard deviations (Std.), and COV for each impact scenario. The average COV of 

these measures over different impact scenarios ranged from 2.39 to 9.66%. For the 

accelerations, the COV of the peaks and durations ranged from 0.65 to 7.61%, except for the 

peak acceleration (11.24%) of the right, low-height impact. The front impact exhibited the 

highest level of repeatability with quite low COVs for the acceleration peaks (1.90 and 3.12%), 

which were categorized as excellent repeatability according to the ISO/WD 15830 standard 
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[97]. For the IPP, the COV was generally within the level of acceptable repeatability (10%). 

For some impact scenarios, such as the left impact, the COV was as high as 19.41%, but its 

standard deviation (5.41 kPa) was in the range of other impacts (1.29 to 18.49 kPa). 

Table 3.7. The average (Ave.), standard deviation (Std.), and coefficient of variation 

(COV) of peak values and durations of the BIPED IPP and accelerations (unscaled). The 

peaks for the IPP represent the greatest absolute values.  

Impact 

scenario 
Velocity 

Front IPP Side IPP Back IPP Acceleration 

Peak Duration Peak Duration Peak Duration Peak Duration 

[m/s] [kPa] [ms] [kPa] [ms] [kPa] [ms] [g] [ms] 

  Ave. 1.75 117.35 3.58 87.85 3.28 32.72 2.95 97.15 6.77 

F_low Std. 0.03 2.15 0.02 1.94 0.01 1.29 0.02 1.85 0.04 

  COV 1.49% 1.83% 0.61% 2.21% 0.15% 3.95% 0.61% 1.90% 0.65% 

  Ave. 2.42 193.40 3.44 142.66 3.17 52.64 2.94 163.28 6.06 

F_high Std. 0.03 6.05 0.08 7.04 0.09 6.08 0.05 5.10 0.28 

  COV 1.43% 3.13% 2.47% 4.94% 2.88% 11.56% 1.55% 3.12% 4.66% 

  Ave. 1.72 47.68 3.48 15.01 3.21 38.03 3.56 78.86 7.38 

L_low Std. 0.02 4.51 0.12 1.70 0.25 5.11 0.27 4.73 0.53 

  COV 1.30% 9.46% 3.35% 11.33% 7.86% 13.44% 7.68% 6.00% 7.16% 

  Ave. 2.44 66.95 3.24 27.89 2.58 61.42 3.34 122.24 6.28 

L_high Std. 0.02 6.40 0.12 5.41 0.38 7.92 0.11 9.30 0.31 

  COV 0.77% 9.56% 3.60% 19.41% 14.80% 12.89% 3.34% 7.61% 4.97% 

  Ave. 1.74 75.55 3.52 97.01 3.79 74.88 3.55 81.68 6.46 

R_low Std. 0.02 4.29 0.09 3.00 0.19 4.07 0.11 2.46 0.40 

  COV 1.40% 5.68% 2.67% 3.09% 5.14% 5.43% 3.12% 3.01% 6.20% 

  Ave. 2.43 130.34 3.09 168.67 3.27 134.09 3.23 135.09 5.63 

R_high Std. 0.02 7.36 0.04 6.93 0.09 9.20 0.12 8.38 0.19 

  COV 1.00% 5.65% 1.24% 4.11% 2.71% 6.86% 3.83% 6.20% 3.35% 

  Ave. 1.73 71.61 3.46 67.85 3.48 68.03 4.28 92.38 8.02 

V_low Std. 0.02 5.41 0.06 4.30 0.12 8.91 0.40 6.30 0.26 

  COV 0.95% 7.56% 1.76% 6.34% 3.35% 13.10% 9.42% 6.82% 3.26% 

  Ave. 2.38 165.88 2.74 146.46 2.68 134.36 2.76 190.59 5.80 

V_high Std. 0.01 13.68 0.08 18.49 0.11 13.67 0.06 11.91 0.34 

  COV 0.55% 8.25% 3.10% 12.63% 4.22% 10.18% 2.05% 6.25% 5.85% 

Average 

COV 
1.11% 6.39% 2.35% 8.01% 5.14% 9.68% 3.95% 6.14% 4.51% 
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3.4 Discussion  

Instrumented headforms are useful devices in laboratory studies of head injuries 

compared to human cadaver head subjects and numerical simulations. Human cadavers are 

good anatomical representations of living humans, but obtaining cadaver specimens is difficult 

and carries ethical considerations [140]. Installing sensors into cadaver heads is complicated 

and time-consuming as well. In contrast, numerical simulations are efficient in calculating 

brain biomechanics and are currently the only method to estimate stress distributions in the 

brain, but they may have different results depending on the implemented material constitutive 

models and anatomical assumptions. Researchers may also be forced to model helmets or 

vehicles to simulate the cases of helmeted head impacts or head impacts in vehicle crashes 

[141]. Because instrumented headforms allow for physical interactions with the surrounding 

environment, they are essential for helmet and vehicle crash tests.  

Using a novel head-brain model BIPED with built-in instrumentation, this work 

documents the biofidelity and repeatability of the global head accelerations and the 

repeatability of the IPP, under direct blunt impact conditions. The overarching findings are that 

the BIPED yields similar peak kinematics to both historic cadaveric and the Hybrid III blunt 

impact data and achieves CORA ratings of 0.50 to 0.61. The IPP measures show some trend 

similarities to selected cadaveric ICP data. In addition, the COV is generally below 10%.  

3.4.1 Acceleration Biofidelity  

The variation of BIPED global accelerations with impact location demonstrates similar 

characteristics as the cadaver and Hybrid III data. For all three head types, the vertex impacts 

exhibit the highest peak accelerations, followed by the front impact and then the side impact 
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(Table 3.2). Similarly, the signal profiles became broader, and the pulse durations increased 

with a decrease in the peaks. A possible reason is that the variation of BIPED local stiffness is 

close to that of cadaver subjects. Indeed, the sequence of impact locations, when ordered from 

greatest to lowest impact stiffness, is the same as above; Table 3.6 shows that the vertex impact 

stiffness is the greatest, followed by the front impact and then the side impact stiffness. These 

similarities in the stiffness variation for the three head types may be due to the similar shapes 

and dimensions of the skull and scalp. The shape and dimensions of the BIPED and Hybrid III 

were based on the 50th percentile male head, and the cadaver head subjects were all male. Thus, 

similar structures result in similar stiffness variations along the surface of the head.  

The BIPED exhibited acceleration magnitudes that are comparable to those of the 

cadaver heads for the same impact scenario. The BIPED peak accelerations had no significant 

differences (p>0.05) with the cadaveric data for most impact scenarios. Although BIPED 

average peak accelerations were generally lower than the cadaver peaks (Table 3.2), the 

statistical analyses showed no significant differences (p>0.05) because the cadaveric data had 

fairly large variances (COV ranges from 7 to 23%). Some of the low height impacts exhibited 

greater differences, but the difference decreased with increasing impact height. This result may 

be due to the different loading rate sensitivities between the biological materials and the 

simulants. When the impact velocity increased, the relative stiffness difference decreased 

(Table 3.6), resulting in a lower difference in acceleration magnitudes. The greatest difference 

was observed for the vertex low height impact, with the average of peak accelerations 31.6% 

lower than for the cadaver head. This difference may be due to an improper fit of the scalp on 

the skull at the vertex. This influence on the magnitude becomes negligible in impacts with 
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higher energy. Future work could evaluate the effect of the quality of fit between the BIPED 

scalp and skull simulants on the impact responses.  

 BIPED had CORA ratings of 0.50 to 0.61 compared to 0.51 to 0.77 for Hybrid III, and 

it had a significant pulse duration difference with the cadaver head. Table 3.5 shows that the 

size and shape contribute greatly to the total ratings. In contrast, the relatively low corridor 

ratings are likely due to a tendency of significantly longer acceleration durations for the BIPED 

data compared to the cadaveric data. The Hybrid III data showed similar patterns with low 

corridor ratings and longer pulse durations than cadaveric data. The longer pulse duration was 

possibly the result of lower impact stiffness (Table 3.6). Both the BIPED and Hybrid III had 

lower stiffnesses than the cadaver heads, with the BIPED being the least stiff for most impact 

scenarios. This finding suggests that increasing the stiffness of the BIPED could lead to 

improved biofidelity under blunt impact loading conditions.  

Various factors, including the shape, dimensions, structure, and material of the skull 

and scalp, can affect the impact stiffness. The shape and dimensions of the three head types 

are similar, whereas the structure and material are different. The two halves of the BIPED skull 

are jointed using silicone glue, and the Hybrid III is an aluminum hollow structure mounted 

with an occipital cap. In contrast, human skulls contain eight cranial bones that are jointed by 

sutures. These different connections of structures can affect the deflection of skull shells and 

result in stiffness variations. The Young’s modulus of the Hybrid III aluminum skull is much 

greater than that of the human cadaver skull (~5.2 GPa) [142]; however, the vinyl scalp of the 

Hybrid III is much softer than the human scalp. The skull elastic modulus (2.27 GPa) of the 

BIPED is close to that of the human skull, but the modulus (~1 MPa) of the BIPED scalp is 

much lower than that of the human scalp (~22.74 MPa) [31]. Thus, the combined scalp and 
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skull stiffness leads to a lower impact stiffness of the BIPED than that of the cadaver head. 

Modifying the BIPED scalp and skull simulants to improve the head stiffness in future work 

may improve the biofidelity of acceleration responses.  

3.4.2 Comparison of Pressure  

Although the BIPED and cadavers in Nahum’s study experience different impact 

mechanics and use different instrumentation, interesting trends can be noted when comparing 

BIPED measures to those documented by Nahum as well as other numerical studies. Nahum 

et al. horizontally impacted the forehead of seated cadaver subjects with an impactor; the head 

was inclined with the Frankfort plane oriented 45° from the horizontal. The impactor mass 

ranged from 5.23 to 23.09 kg, and the impact velocity varied from 4.36 to 12.95 m/s, which 

generated impact energy much greater than in the present study [108]. For both the BIPED and 

Nahum’s cadaver study, the ICP at the front, side, and back had a linear relationship with the 

global head linear acceleration and the pressure peaks decreased from the impact side to the 

contrecoup side. Note that Nahum’s study measured the ICP in the CSF, but the BIPED 

measured the pressure in the brain at a distance of about 1 to 2 cm from the brain surface. The 

depths of the sensing tips relative to the brain surface in the transversal plane for the front, 

side, and back sensors were 18.7, 8.5, and 14.8 mm, respectively. 

Nevertheless, finite element modeling studies demonstrated that pressure decreases 

from the CSF at the coup side throughout the brain to the CSF at the contrecoup side [143], 

[144]. For instance, Pearce et al. used numerical models to simulate blunt impacts and to 

calculate the pressure throughout the CSF and brain. Their study demonstrated that pressure 

decreased from positive to negative pressure from the impact side to the countercoup side 
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[144]. Pressure gradients due to the pressure transition have long been assumed to generate 

injurious shear stresses in the brain, but the mechanism and its application in helmet assessment 

need further exploration. The BIPED might be capable of further investigating the pressure 

distributions and gradients generated during direct blunt impacts provided that a correlation 

between the pressure at a certain brain depth and in the CSF can be established.  

 A complete assessment of biofidelity would require comparisons with cadaveric data 

from comparable impact conditions. BIPED pressure magnitudes were greater than the 

cadaveric ICP in Nahum et al. for the same global head acceleration peaks [108]. Taking the 

acceleration of 170 g as an example, the frontal IPP measured by the BIPED was 

193.4 ± 6.1 kPa compared to 136.3 kPa from the cadaveric ICP-acceleration linear 

interpolation [108]. For the same acceleration of 170 g, the side IPP from the BIPED was 142.7 

± 7.0 kPa, which was near twice the cadaver side ICP of 79.2 kPa [108]. The different impact 

modes, which were a vertical impact for the BIPED and a horizontal impact for the cadaver 

heads, may be responsible for the differences. Hardy et al. launched a human head assembly 

horizontally toward a block at a velocity of 3.5 ± 0.3 m/s [134]. The impact assembly 

comprised a human head and a neck assembly; thus, the equivalent impact mass was greater 

than in the BIPED experiments. They measured coup pressures of 68.1 ± 47.6 kPa and 

contrecoup pressures of -30.0 ± 41.7 kPa in the brain [134]. These coup measures were lower 

than the BIPED coup pressure from both the front impact (193.4 ± 6.1 kPa) and right impact 

(168.7 ± 6.9 kPa) at a velocity of 1.72 m/s [134]. Due to the differences in the impact surfaces 

between the BIPED experiment (aluminum) and Hardy’s cadaveric experiment (acrylic) and 

the impact modes, it is uncertain whether the BIPED would exhibit higher pressure under the 

same impact conditions.  
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The BIPED contrecoup pressure for front impacts did not show obvious negative 

pressure phases that have been documented in select cadaveric data [108], [134]. This may be 

because the BIPED back pressure sensor was located in the brain, as opposed to in the CSF as 

in the cadaveric experiment [108], where the positive pressure propagated from the impact site 

may have dominated the negative pressure from the contrecoup site. Hardy et al. also inserted 

pressure sensors into the brain, but the depth of the sensor locations may be different [134]. 

The surrogate materials of the brain and CSF may also behave differently from the human 

head. The homogenous and isotropic BIPED brain can contribute to response differences 

relative to the biological human brain, and the less viscous saline water of BIPED CSF 

compared to the cadaver CSF may cause less pressure attenuation during the pressure 

propagation. Moreover, the BIPED brain simulant probably moved to the front before the drop 

as a result of gravity, since the surrogate head had no brain stem and meninges to maintain its 

location in the skull. Therefore, the relative motion between the skull and the brain may not 

have been realistic and this could be a significant limitation to generating negative pressures 

at the back of the head. Note that, during the left impacts from the low and high heights, the 

BIPED exhibited a negative contrecoup pressure pulse. For the left impacts, the contrecoup 

pressure decreased to -4.58 and -11.03 kPa at the beginning and then increased to 15.01 and 

27.89 kPa, respectively. This is likely because the tentorium membrane in the sagittal plane of 

the BIPED brain reduced the brain displacement before the side impact. 

In terms of pulse durations, cadaveric data in Hardy et al. varied significantly from 2 

to 31 ms for unhelmeted impacts [134], whereas the BIPED IPP duration ranged from 2.8 to 

3.8 ms. The impact mode (vertical and horizontal impacts), impact surface material, and the 

use of a neck may all contribute to the differences. As a result, a complete assessment of the 
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BIPED pressure biofidelity is impossible with the present study. To further evaluate pressure 

biofidelity, our next step will be to reproduce impact experiments similar to other cadaver 

studies that offer the ICP measurements and relocate the pressure sensors to be the same as 

those in the cadaver experiments. 

3.4.3 Repeatability of Acceleration and IPP Measurements 

The BIPED demonstrates excellent to marginal repeatability for measuring global 

accelerations and IPP under different impact scenarios. Figure 3.11 shows that the repeat tests 

match well with a negligible deviation area. The COVs and standard deviations in Table 3.7 

also indicate low variances of the repeated tests. Notably, most of the COV values for the front 

impacts were below 5%, which is similar to previous research that dropped the BIPED onto a 

soft surface [111]. The COVs of acceleration and IPP peaks were mostly lower than the COV 

of durations, indicating that the magnitude is more sensitive to impact variations than the 

duration components. Results also show that the IPP measures close to the impact site were 

generally more repeatable than measures at the opposite site (Table 3.7). For example, the 

COV of the right side IPP was above 10% for the left impact, whereas the same pressure sensor 

presents a COV of less than 5% for the right impact. 

The side IPP magnitude was quite low for left impacts, resulting in a higher COV of 

the pressure measures than other measures. Note that the side pressure was measured by the 

sensor at the right. Another possible reason contributing to the variance of the IPP is the head 

positions. The head leaned against the gimbal to form an angle of approximately 60◦ to the 

impact surface during the side impact, which was consistent with the cadaver experiment [119]. 

Since the head’s center of gravity did not vertically align with the point of impact, a slight 
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variation of head position could lead to great head angular motion, contributing to the pressure 

variation. Moreover, the lack of attachment points between the brain and the skull may have 

caused variation in the brain position in the skull. Since the brain simulant was only held in 

place by the membranes and fluid, it could move relative to the skull after multiple impacts 

and result in the variation of IPP measures. Recovering the skull-brain position before each 

test may reduce the pressure measurement inter-test variation. Future development of the 

BIPED may need to include the brain stem and meninges to reduce the dislocation and 

reorientation of the brain in the cranial cavity. 

3.4.4 Limitations  

There are limitations to this investigation of the biofidelity and repeatability of the 

BIPED. Firstly, we only evaluated the drop impact mode; however, there are many other 

modes, such as translational impacts, that are relevant to injury incidents. Considering the 

differences between the human and artificial neck, we chose to compare the neckless head drop 

experiments. Another limitation is that we only estimated the linear acceleration along the 

direction of the impact force. We used this method to maintain consistency with the cadaveric 

study that we mainly compared to [119]. In future work, we may measure more detailed three-

dimensional kinematics when comparable cadaveric data become available. Moreover, we 

only focused on two impact heights and four impact locations. These impacts typically 

represent moderate and severe head impacts, with the latter potentially causing skull fractures. 

Therefore, impact conditions that are worth studying fall between these two levels of impact 

severity. Due to the lack of cadaveric data for other locations such as regions between the front 

and side, we only evaluated four typical locations. We did not perform the back impact, 

although there exist cadaveric data for it. A cut at the back of the BIPED scalp, which is needed 
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for donning the scalp to the head, may result in a direct impact on the skull and cause skull 

fractures. Finally, for the pressure comparison, the pressure sensor locations, and impact modes 

were different from the cadaver experiment that provided ICP measurements [108]. The 

BIPED measured the brain IPP, whereas the compared cadaveric experiment measured the 

pressure in the CSF [108]. Furthermore, the cadaveric ICP was obtained from a horizontal 

blow to a seated cadaver body’s head in the anterior-posterior direction, whereas the IPP in 

this study was obtained from vertical drops of the head to a plate on the ground.  

3.5 Conclusion 

This study evaluated the response characteristics of BIPED focused on the kinematic 

biofidelity and measurement repeatability, in an attempt to contribute to the development of a 

comprehensive headform to support research on blunt impact head injuries and protective 

headwear. The kinematics and IPP measures were repeatable under multiple locations of drop 

impacts. The BIPED offered global kinematic peaks with no significant difference from the 

cadaver head, whereas the pulse durations of the BIPED were approximately 50% longer than 

the cadaveric data on average. The longer acceleration durations may be associated with the 

lower stiffness of the BIPED. This study is the first that rigorously validated the biofidelity 

and repeatability when considering multiple aspects of measurements including peaks, 

durations, and time histories, which can be a reference for the future validation of human 

surrogates. This study demonstrated that the BIPED has the potential to replicate global head 

kinematics in blunt impacts. Future work is required to validate the biofidelity of the ICP 

responses and improve the kinematic biofidelity of the BIPED, particularly considering the 

longer pulse durations of the linear accelerations.  



Page | 75  

 

Chapter 4  Characterization of the ICP Biofidelity and Kinematic 

and ICP Inter-test Repeatability of the BIPED  

Chapter 3 characterized the biofidelity of the kinematics and the repeatability of the 

IPP and acceleration responses, but the ICP biofidelity requires further investigation. Therefore, 

Chapter 4 further characterizes the ICP biofidelity, as well as the inter-test repeatability of 

more comprehensive responses including the linear kinematics, angular kinematics, CSF 

pressure (CSFP), and IPP. The materials of this chapter have been submitted to the Annals of 

Biomedical Engineering as an original research article. 

4.1 Introduction 

Human headforms are important devices used in the study of head injury mechanisms 

and the development and assessment of protective headwear and vehicle safety devices [11], 

[103]. Human cadavers and volunteers are the most suitable analogs of living humans in terms 

of anatomical structures, whereas they have significant limitations related to ethics, limited 

sample sizes, experimental complexities, low repeatability, and low durability under injurious 

loads [11], [145]. As a result, various dummy head surrogates, referred to as headforms or 

Anthropometric Test Device (ATD) heads, have been developed to replicate the human head 

responses under impact loads [103]. In comparison to organic human heads, headforms have 

the advantages of being durable, repeatable, and easy to use, and allow for extensive testing 

and cross-laboratory comparison [11]. With an appropriate storage process, human cadaver 

heads can be adequate surrogates in the context where the injury outcomes of the head are 

required for analysis [11]. For questions that can be answered with analysis of the mechanics 
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or kinematics of the head, headforms are more favorable than cadaver heads due to the 

aforementioned advantages.   

Headforms are generally required to meet minimum levels of biofidelity and have 

repeatable responses [11], [97]. Biofidelity means that the headform exhibits human-like 

mechanical responses when subjected to the loading of interest and present human-like 

external features in order to provide realistic interactions with safety devices such as headgear 

[11]. As headforms are subjected to regulatory tests, their responses are required to be 

repeatable in order to provide reliable results [11].   

Commercially available headforms are mostly limited to measuring global kinematics 

or mechanical loads on the skull [103]. These headforms generally attempt to replicate the 

external dimensions, mass, moment of inertia, and sometimes skull features (e.g., the facial 

features and cranial structures) of the head to obtain a close representation of the head 

kinematics or skull mechanics during impact [103]. However, these surrogates are not suitable 

for measuring or predicting the head intracranial response. Generally, the head dimensions and 

external features are easier to replicate compared to the complex head features that determine 

the head intracranial responses. For instance, one of the most widely used headforms, the 

Hybrid III, consists of a vinyl scalp and a hollow aluminum skull [146]. It is instrumented with 

accelerometers in the skull to measure the head kinematics. The commonly used FOCUS 

headform mimics head dimensions, facial features, and skull bone patterns [103]. It has load 

cells on the skull to measure the impact force. Some headforms for standard helmet tests, such 

as the EN960 and ISO/DIS 6220 headform, comprise a one-piece human-like skull without a 

scalp [104]. These headforms have no biofidelic internal components such as the meninges, 

membranes, cerebrospinal fluid (CSF), or the brain, which are essential to replicating 
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intracranial responses. Moreover, the materials and thicknesses of the skull shells are not 

representative of the human skull. To investigate intracranial responses related to brain 

injuries, studies commonly reconstruct impact accidents with traditional headforms such as the 

Hybrid III headform to acquire head kinematics [92], [147]. Then, the kinematics serve as input 

to computational head models to estimate intracranial mechanics [92], [147]. 

Headforms measuring intracranial responses may improve our understanding of brain 

injuries as well as the development and application of brain injury criteria. Numerous studies 

use intracranial responses such as intracranial pressure (ICP), brain strain, and brain stress to 

indicate the severity of brain injuries, as these parameters are directly related to brain tissue 

response [13], [65]. Furthermore, injury criteria based on intracranial parameters such as shear 

strains and stresses are better correlated to traumatic brain injuries, such as diffuse axonal 

injuries and concussions, than kinematic-based criteria [88], [148]. However, studies of 

intracranial parameters are mostly limited to the use of computational models and human 

cadavers because of the lack of physical head models capable of replicating intracranial 

responses. To our knowledge, among commercially available headforms, only the NOCSAE 

headform has a brain simulant in the skull hollow to adjust the headform mass [103], [149]. 

However, the NOCSAE headform is not designed to measure intracranial responses as it has 

no other basic intracranial components. The development of advanced headforms that can 

replicate intracranial responses may encourage research on brain injury mechanisms and 

tissue-level injury criteria. 

Only a few headforms have attempted to replicate intracranial responses and their level 

of biofidelity and repeatability have not been fully validated. Freitas et al. developed a head 

surrogate using a human cranium and a surrogate brain to study mechanics caused by ballistic 
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impacts on helmets [17]. Sensors were cast in the brain to measure pressure responses, but the 

biofidelity and repeatability of the head were not validated against cadaveric data. 

Additionally, this head surrogate was not aimed for use in multiple experiments as it cannot be 

reused once the human cranium fractures [150]. A recent study presented an instrumented 

headform comprised of a deformable skull, silicone brain, CSF surrogate, and rubber skin with 

frontal and parietal CSFP peaks that were in agreement with cadaveric CSFP peaks reported 

by Nahum et al., but the kinematic biofidelity and repeatability of the surrogate were not 

documented [19], [21]. 

The Blast Injury Protection Evaluation Device (BIPED) is a headform that attempts to 

replicate the material properties and dimensions of the external and internal components of the 

human head [16], [22]. The biofidelity of its intra-parenchymal pressure (IPP) has been 

demonstrated under blast loading conditions, the regime for which the headform was originally 

developed [131]. Considering its construction, this headform may be of use in blunt impact 

scenarios after further validation and improvement. Our previous study aiming at evaluating 

the kinematic biofidelity dropped the headform onto an aluminum plate on the ground at the 

front, side, and vertex of the head, simulating the cadaveric drop experiment by Loyd et 

al.[120], [133]. The impact linear acceleration and IPP measurements were deemed to have 

acceptable repeatability, with coefficients of variation (COVs, i.e., standard deviation divided 

by the mean) being lower than 10%. The acceleration peaks were not significantly difference 

from the cadaver data from Loyd et al., whereas the IPP biofidelity lacked evaluation as Loyd 

et al. did not provide ICP measurements for comparison [120], [133]. Nahum et al. conducted 

translational impacts on cadaver heads and provided ICP measured in the CSF, which was 

commonly used to validate numerical and physical head models [108], [151], [19]. However, 
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the impact angle relative to the head, impact surface, and ICP measurement locations in the 

BIPED drop experiment were not in line with Nahum’s experiment. Since the impact angle 

and impact surface can affect head impact responses and the ICP varies with locations in the 

cranium [144], [152], [153], the BIPED ICP biofidelity was not validated in the previous study 

[120]. Another study conducting blast and drop impact tests with the BIPED found that the 

IPP responses from the drop tests exhibited similar pulse durations and peaks to reported 

cadaveric data [111]. However, the study did not quantitatively evaluate the ICP biofidelity 

due to the lack of cadaveric ICP data from the same loading conditions [111]. Therefore, the 

biofidelity of BIPED ICP in blunt impact remains unclear, and further investigation of the ICP 

biofidelity requires matching the loading condition and ICP measurement locations with the 

compared cadaveric experiments. 

Based on the above considerations, the overall objective of this study was to (1) 

characterize ICP biofidelity by comparing the BIPED CSFP to Nahum's cadaveric CSFP [108], 

and (2) assess the repeatability of the BIPED CSFP and IPP as well as kinematic responses in 

the test conditions completed in the current work. This study only adopted frontal impacts of 

the BIPED with a pendulum impactor due to the lack of cadaveric ICP data from other impact 

locations for comparison. In this study, CSFP responses from the BIPED were compared to 

cadaveric CSFP data mainly presented in a previous study by Nahum et al.[108]. The 

repeatability of the head kinematics and ICP responses was characterized using measurements 

from repeated tests.  
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4.2 Materials and Methods 

4.2.1 Head Surrogate and Instrumentation  

The BIPED comprises a surrogate scalp, two halved skull surrogates, a brain surrogate, 

a saline water layer serving as the CSF, and tentorium and falx surrogates [22]. The structures 

of the skull and the brain can be seen in Figure 4.1(a). This study used the original version 

BIPED mark 1 (mk1) developed for use in blast loading regimes. A BIPED mk2 is currently 

in development and intends to extend the application of BIPED mk1 to blunt impact scenarios. 

The BIPED has biofidelic external geometry and facial features based on the ISO size J and 

Canada standard Association CAN/CSA headforms, respectively [110]. The internal features 

were based on three-dimensional models of the human skeleton [22]. Three pressure sensors 

(XCL-072, Kulite Semiconductor Products Inc., NJ United States) were cast in the front, right 

side, and back of the brain surrogate with an approximate distance of 1 cm to the brain surface. 

Thus, these sensors measure the IPP at the three locations. Details of the head geometry, 

materials, and instrumentation location can be found in previous publications [22], [120].  

Nahum et al. measured ICP in the CSF, which corresponds with CSFP in the present 

study [108]. To compare with Nahum’s cadaveric data, the present study installed four 

miniature pressure sensors (MS5407, TE Connectivity Ltd, CA United States) at the front, 

right side, left side, and back of the upper skull inner surface to measure the CSFP (Figure 

4.1(b)). Note that the left CSFP sensor was not used in this experiment due to the lack of a 

hardware sampling channel. Each pressure sensor was glued to a blind hole on the skull using 

waterproof epoxy adhesive (J-B weld, TX United States). The miniature sensor cables 

(diameter = 2 mm) were symmetrically glued to the skull surface and passed out of the skull 
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at the back (Figure 4.1(b) and (c)) to minimize their interference with the brain and the scalp. 

The sensing surfaces were flush with the skull's inner surface. The sensor was waterproof and 

had dimensions of 6.2 by 6.4 by 2.9 mm, thus minimizing its influence on the skull's properties. 

Aligned to face each other, the CSFP and IPP sensors were in the same horizontal plane 58.2 

mm above the Frankfort plane, as shown in Figure 4.1(e) and (f).  

Additionally, a kinematic sensor (DTS 6DX PRO, DTS Inc, CA United States) was 

added to the BIPED to measure linear accelerations (range of the sensor: ±2000 g) and angular 

rates (range of the sensor: ±8000 degree/second) along all three axes. The sensor was mounted 

to a custom-designed 3D-printed fixture with mounting screws, and the fixture was tightly 

mounted to the back surface of the BIPED jaw using a steel bolt of 0.25-inch diameter at the 

nasal cavity (Figure 4.1(d)). The kinematics coordinate system at the sensor location is shown 

in Figure 4.1(e). The attaching surface of the fixture was designed to closely fit the curved 

surface of the jaw to maintain the stability of the sensor position during the impact. A rigid 

polymer filament acrylonitrile butadiene styrene (hardness: Shore D 100) was selected to print 

the fixture to minimize the vibration of the fixture that may affect the sensor measurements. 

The kinematic sensor (mass: 12 grams) and customized fixture (mass: 20 grams) had a 

negligible effect on the head mass and impact responses due to their relatively small mass. 
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Figure 4.1. (a) Models of the two halved skulls, brain, tentorium, and falx membranes; 

(b) CSFP sensors installed on the inner skull surface; (c) back view of the assembled skull 

and brain including the CSFP sensor cables; (d) bottom view of the BIPED showing the 

kinematic sensor attached to the inner surface of the jaw region with a fixture; (e) side 

view of the BIPED showing the external features and the location of the sensor plane as 

well as the kinematic sensor coordinates; (f) schematic of the ICP sensor plane from the 

top view showing the main components of the BIPED and the CSFP and IPP sensor 

locations. Abbreviations are defined in the text. 
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4.2.2 Impact experiment 

To compare with Nahum et al.’s cadaver CSFP, the experimental setup was designed 

to replicate Nahum’s experiment as closely as possible [108]. As shown in Figure 4.2(a), The 

impact rig consists of a rack and pendulum arm with an impactor at the bottom end. The 

impactor had a 5-inch diameter impact surface, with an effective mass of 5.6 kg, which is close 

to that used in Nahum’s study (5.59 and 5.23 kg) [108].  The BIPED was connected to a male 

50th percentile Hybrid III neck with the center area of the forehead contacting the impact 

surface when the impactor swung to its lowest point. As shown in Figure 4.2(b), the neck was 

45° to the horizontal plane such that the Frankfort plane of the head was 135° to the horizontal 

plane, similar to the setup in Nahum’s study [108]. After being positioned, the neck was fixed 

to a stand assembly that could move along a pair of linear rails on a flat platform.  

 

Figure 4.2. (a) Experimental setup showing the rack (1), pendulum arm with an impactor 

(5), BIPED (2) attached to the Hybrid III neck (3), linear rail (4), high-speed camera (6), 

amplifier (7) and data acquisition system (8); (b) Detailed view of the BIPED and 

impactor setup upon impact (1. buffer foam, 2. Hybrid III neck, 3. BIPED, 4. impactor 

surface, 5. impactor, 6. linear rails, 7. stand assembly). 

(a) (b) 

Frankfort 

plane 

135° 
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Using a polyurethane foam between the stand assemble and the end part of the rail, the 

movement of the stand along the rail was restricted to a limited distance (<10 cm) to simulate 

the neck movement caused by the movement of the seated cadaver’s torso during the impact 

tests [108]. However, our preliminary tests found that omitting the buffer would not affect the 

head impact responses, since the impact response occurred more rapidly than the movement of 

the stand. Nevertheless, the buffer functioned to decelerate and stop the moving stand 

assembly. 

Nahum’s study used various impact surfaces but did not report on their nature. 

Therefore, we evaluated three impact surfaces from soft to hard to cover the possible blunt 

impact surfaces in civilian life and the military: vinyl nitrile 600 foam (VN600), PMC746, and 

steel. The VN600 (Shore A 20) and PMC746 urethane pad (Shore A 60), attached to the 

impactor surface, had thicknesses of 4.5 and 2 cm, respectively. For each impact surface, six 

impact speeds were evaluated (0.5, 1, 2, 3, 4, and 5 m/s). The steel surface (HV 200) was also 

evaluated by directly impacting the steel impactor surface at a lower velocity range (0.5, 1, 1.5, 

2, 2.5, and 3 m/s) to avoid excessive impact forces and vibrations. The tests for each 

combination of velocity and impact surface were repeated four times with approximately three 

minutes between consecutive impacts, allowing for saving the data, checking for CSF leakage 

as a sign of headform damage, and resetting the position of the pendulum and the headform. 

Before the tests, the releasing height of the pendulum impactor for each impact velocity 

was determined by a calibration experiment with a Phantom v611 high-speed camera (Vision 

Research, NJ, United States) to measure the impact velocity. The calibration experiment 

released the pendulum impactor from varied heights, obtaining the relation between the 

releasing height and the impact velocity.  
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During the experiments, the pendulum impactor was raised to the predetermined height 

and was released using a magnetic control system. All measurements, including the three linear 

accelerations and three angular rates, three CSFPs, and three IPPs, were collected 

simultaneously using a National Instruments (NI) data acquisition system (NI, TX United 

States) at a rate of 25 kHz [154]. Before sampling, the analog voltages were amplified and 

filtered for anti-aliasing using a hardware filter with a cut-off frequency of 4 kHz based on the 

Society of Automotive Engineers (SAE) Standard J211-1 document [154]. To record the tests 

and verify the impact velocity, the Phantom v611 high-speed camera was used to capture the 

impacts at a rate of 3 kHz. 

4.2.3 Data Analysis  

The kinematics and pressure signals were processed using MATLAB R2020a 

(MathWorks, MA United States). All the measurements were filtered using a 4th order 

Butterworth low pass filter with a cut-off frequency of 1650 Hz based on the specifications 

described in SAE Standard J211-1 [154]. The cut-off frequency based on the SAE standard 

was lower than the 2400 Hz used in the cadaver study [108], but the difference between the 

peaks using the two cut-off frequencies was found to be negligible as the measurement 

frequency contents were well below the cut-off frequency. The COV was used to evaluate the 

repeatability of the peak linear accelerations, angular rates, and ICPs. COV was calculated as 

the standard deviation divided by the average of the repeated measurements. Based on the ISO 

15830-1 specification, a COV of less than 10% is considered acceptable, a COV between 3–

7% is considered good, and a COV of less than 3% is considered excellent repeatability [155]. 

The COVs of the repeated tests for each impact scenario were evaluated.  
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The biofidelity evaluation investigated CSFP peaks and time histories. Before the 

biofidelity evaluation, the kinematic signals were transformed to the mass center of the head 

based on rigid body motions. Since Nahum’s study provided a collective of CSFP data from 

cadaveric tests, we mainly compared the CSFP with Nahum’s study [108]. Nahum et al. 

provided time histories of CSFP and linear accelerations for test #37 (T.37), as well as CSFP 

time histories and acceleration peaks for tests #48 (T.48), #49 (T.49), #51 (T.51), and #52 

(T.52) [108]. We chose the BIPED tests with impact surfaces resulting in the pulse durations 

closest to the cadaver tests for comparison, as the close durations indicated similar contact 

compliance. Consequently, there were two groups for comparison with the cadaver: BIPED 

impacts with the PMC746 surface at the velocity of 5 m/s were compared to cadaver T.37 and 

T.48; and BIPED impacts with the steel surface at the velocity of 2 m/s were compared to 

cadaver T.49, T.51, and T.52 [108].  

The selected cadaver tests used impact velocities up to 8–9 m/s [108] whereas the 

present study used lower impact velocities due to laboratory safety restrictions. Therefore, the 

accelerations and CSFP for most of the cadaveric tests were greater than in the BIPED 

experiments. For comparison, the cadaveric CSFP time histories from T.37, T.48, T.49, T.51, 

and T.52 were scaled equivalently to the BIPED accelerations, based on the linear relationship 

between the cadaveric ICP and acceleration from Nahum et al.[108]. We assumed that the 

intercepts of the acceleration-ICP linear equations were zeros since the ICP would be zero 

when there were no head accelerations in Nahum’s experiments. With this assumption and the 

linear relationship, multiplying the ICP and acceleration with the same ratio would resolve the 

scaled ICP corresponding to the scaled acceleration regardless of the slopes of the linear 

equations. The scale method multiplied the CSFP time histories by the ratio of the compared 



Page | 87  

 

BIPED and cadaver acceleration peaks, assuming that the intercepts of the cadaver 

acceleration-CSFP linear relations were zero. This method means that we compared the BIPED 

CSFP with the scaled cadaveric CSFP on the condition of matching the resultant linear 

acceleration peaks for the two types of heads. The scaling method is described using the 

formula below.  

𝑪𝑺𝑭𝑷𝒔𝒄𝒂𝒍𝒆𝒅 = 𝑪𝑺𝑭𝑷𝒄𝒂𝒅𝒂𝒗𝒆𝒓 ×
𝑨𝒄𝒄𝑩𝑰𝑷𝑬𝑫

𝑨𝒄𝒄𝒄𝒂𝒅𝒂𝒗𝒆𝒓
                            Equation 4.1 

where 𝐶𝑆𝐹𝑃𝑠𝑐𝑎𝑙𝑒𝑑 is the time histories of cadaver scaled CSFP, 𝐶𝑆𝐹𝑃𝑐𝑎𝑑𝑎𝑣𝑒𝑟 is the cadaveric 

CSFP time histories from Nahum et al., and 𝐴𝑐𝑐𝐵𝐼𝑃𝐸𝐷 and 𝐴𝑐𝑐𝑐𝑎𝑑𝑎𝑣𝑒𝑟 are the resultant linear 

acceleration peaks for the BIPED and the cadaver tests. We compared the relative difference 

(𝐷𝑖𝑓𝑓.) between BIPED pressure peaks and Nahum et al.’s scaled pressure peaks using the 

formula below. 

𝑫𝒊𝒇𝒇. =  
𝐁𝐈𝐏𝐄𝐃  𝐂𝐒𝐅𝐏 𝐩𝐞𝐚𝐤−𝐬𝐜𝐚𝐥𝐞𝐝 𝐜𝐚𝐝𝐚𝐯𝐞𝐫𝐢𝐜 𝐂𝐒𝐅𝐏  𝐩𝐞𝐚𝐤

𝐬𝐜𝐚𝐥𝐞𝐝 𝐜𝐚𝐝𝐚𝐯𝐞𝐫𝐢𝐜  𝐂𝐒𝐅𝐏 𝐩𝐞𝐚𝐤
× 𝟏𝟎𝟎%           Equation 4.2 

The CSFP-acceleration relationship of the BIPED was also assessed in this study using 

linear regression analysis and was compared to Nahum et al.’s cadaveric study [108]. The 

article from Nahum et al. provides an image (Fig. 7 in the article) showing the data points of 

the peak CSFP versus peak linear accelerations for CSFP at the front, parietal, occipital, and 

posterior fossa locations [108]. They used units of mmHg and m/sec2 for the pressure and 

acceleration while we used kPa and g. To be consistent, we extracted the data from their image 

and converted the cadaveric data to the equivalent measurements of the units in our 

measurements. Then, we conducted linear regressions of the cadaver front, side, and back 

CSFP against the accelerations. Note that these cadaveric data were not scaled as the 

comparison focused on the CSFP-acceleration linear relationship that did not change with the 
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linear scale. The cadaveric CSFP and acceleration peaks were from the impact of various 

surfaces and velocities. Thus, the linear regression was performed on the BIPED CSFPs against 

resultant accelerations for each impact surface as well as pooled data from the three impactor 

surfaces. Coefficients of determination (R2) from the regression analysis explained the 

goodness of linear fit. For each site of CSFP, the student’s t-test was used to compare the 

regression slopes between the BIPED pooled data from three impactor surfaces and the 

unscaled cadaveric data. 

The CORrelation and Analysis (CORA) method was used to compare the average 

CSFP time histories from the BIPED repeated tests with the scaled cadaver CSFP time histories 

in the two groups of comparisons, namely a comparison of the BIPED test with cadaver T.37 

and T.48 and a comparison of the BIPED test with cadaver T.49, T.51, and T.52. In each 

comparison group, the BIPED CSFP time histories from the four repeated tests were aligned 

at 0.1% of the peaks (i.e., the assumed starting point of the pulse), and then four CSFPs at each 

time point were averaged to obtain the average time histories for the CORA analysis. The 

CSFP time histories CORA evaluated the degree of agreement between time series based on 

two methods, the cross-correlation of the data sets and the corridor method [100]. The cross-

correlation method evaluated the shape, size, and phase shift between the compared time 

histories, while the corridor method evaluated the distance between the compared profiles 

relative to the default corridor width. The agreement of each aspect (i.e., the shape, size, phase, 

and corridor) was quantified mathematically with a rating from “0” to “1”, indicating a poor 

match to a perfect match. The cross-correlation (CC) rating was defined as the weighted sum 

of the shape (50%), size (25%), and phase (25%) [100]. The total rating was defined as the 

weighted sum of the corridor rating (50%) and the CC rating (50%).  
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CORAplus 4.04 (pdh, Gaimersheim, Germany) was used to perform the CORA 

analysis and all calculations and parameters were set as default. The CORA rating method has 

been used by several studies to evaluate the biofidelity of physical and numerical head models 

[127], [156], [157]. There is no agreement on the interpretation of the ratings between “0” and 

“1”. Based on the previous rating of a dummy head, a total rating of 0.7 and higher has been 

assumed to be an indicator of good biofidelity by some researchers [101].  

4.3 Results 

4.3.1 Repeatability  

Figure 4.3 displays the sample average time series with standard deviation corridors 

(green color) for the head kinematics including linear accelerations and angular rates in three 

axes and ICP measurements including CSFP and IPP at the front, right, and back of the BIPED. 

The nearly invisible area of deviations (in green color) demonstrated the low variance of the 

repeated measurements. Table 4.1 as well as Table A1 and Table A2 in Appendix provide the 

average, standard deviation, and COV for the peak kinematics and ICP for tests with the 

PMC746, VN600, and steel surface, respectively. 82.9% of the COVs for the head kinematics 

and ICP peaks were below 10%. 72.6% of the COVs were below 7% and 53.2% of the COVs 

were below the excellent repeatability threshold of 3%. Moreover, the COVs greater than 10% 

were mostly kinematics and ICP of low magnitudes for which the mean peaks (COV 

denominator) approached zero (Table 4.1). In these specific cases, the COV should not be 

directly interpreted as a robust measure of repeatability. Overall, based on ISO 15830-1, the 

BIPED kinematic and ICP measures generally acceptable repeatability in translational impacts. 



Page | 90  

 

(a) (b) (c)  

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)  

Figure 4.3. Sample repeatability plots from impacts with the PMC746 surface and at the 

impact velocity of 3 m/s. Plots show the average measurements of repeated tests with one 

standard deviation for the linear accelerations and angular rates for three axes, as well 

as CSFP and IPP at the front, right, and back of the BIPED. 

0 
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Table 4.1. Average (Ave.), standard deviation (Std.), and COV of the measurement peaks 

including the linear accelerations and angular rates in the XYZ directions, and CSFP 

and IPP at the front, side, and back of the head. F., S., and B. represent ICP measured at 

the front, right side, and back. X Acc. and X AnR. means the linear acceleration and 

angular rate on X-axis. Tabulated are measurements from the impactor surface of the 

PMC746 pad at an impact velocity V. 

V  

Ave. 

(Std.) 

(m/s) 

 
X  

Acc. 

(g) 

Y  

Acc. 

(g) 

Z 

Acc. 

(g) 

X 

AnR. 

(rad/s) 

Y 

AnR. 

(rad/s) 

Z 

AnR. 

(rad/s) 

F. 

CSFP 

(kPa) 

S. 

CSFP 

(kPa) 

B. 

CSFP 

Max 

(kPa) 

B. 

CSFP 

Min 

(kPa) 

F. IPP 

(kPa) 

S. 

IPP 

(kPa) 

B. 

IPP 

Max 

(kPa) 

B. 

IPP 

Min 

(kPa) 

0.51 

(0.04) 

Ave. -2.5 -0.1 1.1 0.3 1.1 -0.2 6.6 3.8 2.7 -0.3 5.2 3.8 2.9 -0.1 

Std. 0.1 0.3 0.1 0.0 0.1 0.3 0.3 0.2 0.1 0.0 0.2 0.1 0.1 0.0 

COV 5.5% 223.3% 8.0% 8.1% 7.5% 198.9% 3.8% 4.2% 2.7% 3.2% 3.6% 3.1% 3.4% 34.8% 

0.98 

(0.02) 

Ave. -6.2 0.0 -2.5 0.0 1.9 0.4 13.1 8.0 4.4 -0.7 10.4 7.9 5.0 -0.2 

Std. 0.1 0.7 0.0 0.4 0.0 0.1 0.1 0.1 0.0 0.0 0.1 0.1 0.1 0.0 

COV 1.2% 5519.0% 1.6% 3555.4% 0.7% 16.6% 0.8% 0.7% 0.9% 3.5% 0.9% 0.8% 1.5% 11.4% 

2.08 

(0.07) 

Ave. -38.3 2.4 18.0 0.9 3.9 1.3 53.6 40.0 23.4 -6.7 39.0 34.4 20.7 -1.2 

Std. 1.2 5.4 0.3 0.1 0.1 0.0 1.3 0.5 0.6 0.1 0.8 0.2 0.4 0.0 

COV 3.0% 226.8% 1.5% 14.8% 3.0% 3.0% 2.3% 1.2% 2.7% 0.8% 2.1% 0.7% 1.8% 2.7% 

3.06 

(0.06) 

Ave. -61.4 -12.3 38.5 1.6 4.9 2.4 93.7 72.0 41.8 -12.4 67.5 59.4 43.1 -1.5 

Std. 0.7 0.2 0.3 0.0 0.1 0.2 1.6 0.8 3.0 0.6 0.9 0.6 0.9 0.0 

COV 1.1% 1.3% 0.8% 2.1% 2.4% 7.2% 1.7% 1.1% 7.2% 4.9% 1.3% 1.0% 2.1% 2.4% 

3.97 

(0.08) 

Ave. -86.3 -16.0 60.7 1.9 6.9 2.7 130.3 101.7 58.5 -27.8 94.0 84.9 54.7 -3.8 

Std. 1.1 1.2 0.4 0.1 0.1 0.2 1.3 0.2 14.9 1.9 0.8 0.3 0.8 0.2 

COV 1.3% 7.4% 0.6% 5.0% 1.2% 7.1% 1.0% 0.2% 25.5% 6.9% 0.9% 0.3% 1.4% 4.9% 

5.08 

(0.05) 

Ave. -119.8 -20.7 86.7 2.9 7.3 4.3 171.5 132.9 72.8 -31.3 124.6 110.7 71.7 -3.1 

Std. 1.5 0.9 1.2 0.1 0.1 0.3 1.1 1.1 2.8 2.5 0.4 0.9 0.6 0.1 

COV 1.3% 4.5% 1.4% 3.8% 0.7% 6.6% 0.6% 0.8% 3.8% 7.9% 0.3% 0.8% 0.8% 2.8% 

 

4.3.2 Biofidelity 

Figure 4.4 displays the scaled acceleration profile from Nahum et al.’s T.37 and the 

averaged acceleration of the selected BIPED test. The scaled acceleration profile for T.37 was 

obtained by multiplying the cadaver acceleration time histories with the ratio of BIPED and 
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T.37 acceleration peaks, the same as the scaling method of the CSFP time histories. Figure 4.5 

shows the averaged BIPED CSFP across repeated tests and the scaled CSFP from the cadaveric 

tests for the two groups of comparison. Figure 4.5 (a), (c), and (e) show the average time 

histories of the BIPED front, side, and back CSFP from repeated tests with PMC746 surface 

at the impact velocity of 5 m/s compared to the scaled time histories from Nahum’s T.37 and 

T.48. Figure 4.5 (b), (d), and (f) show the average time histories of the BIPED CSFP from 

repeated tests with steel surface at the impact velocity of 2 m/s compared to the scaled time 

histories from Nahum's T.49, T.51, and T.52. Table 4.2 and Table 4.3 provide the peaks and 

relative CSFP differences between the BIPED and cadaver tests. The back ICP decreased to 

negative and then increased to positive pressure; thus, both the minimum and maximum CSFP 

are reported in the tables.  

 

Figure 4.4. Averaged accelerations of the BIPED repeated tests compared with the scaled 

acceleration from Nahum et al.'s T.37 [108]. 

The BIPED front CSFP peak and back negative peak were within the range of the 

scaled cadaver (between the minimum and maximum values), indicating that the variation 

between the BIPED and cadaver data can be lower than the variation within the cadaver data. 

However, side CSFPs were 28.7–92.1% greater than all the cadaver side pressure (Table 4.2 
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and Table 4.3). The relative differences in the average front CSFP peaks between the BIPED 

repeated tests and cadaver tests in the two comparisons were 7.7% (Table 4.2) and -6.5% 

(Table 4.3). The BIPED side CSFP was up to 81.0% greater than the average cadaveric CSFP. 

The BIPED negative back CSFP peaks were 11.6% lower than the average back CSFP of T.37 

and T.48 but 84.8% greater for comparison with T.49, T.51, and T.52, likely due to the large 

variance of the cadaver back CSFP. Notably, the maximum back CSFP was up to 18 times 

greater than the cadaveric data (Table 4.2).  

(a)  (b)  

(c)  (d)  
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(e)  (f)  

Figure 4.5. BIPED CSFP compared with scaled cadaveric CSFP from Nahum et al.'s 

study [108]. (a), (c), and (e) show the average time histories of the BIPED front, side, and 

back CSFP from repeated tests with the PMC746 surface at the impact velocity of 5 m/s 

compared to the scaled time histories from Nahum’s T.37 and T.48. (b), (d), and (f) show 

the average time histories of the BIPED CSFP from repeated tests with the steel surface 

at the impact velocity of 2 m/s compared to the scaled time histories from Nahum's T.49, 

T.51, and T.52. 

Table 4.2. CSFPs and accelerations for BIPED tests with PMC746 surface from the 

impact velocity of 5 m/s compared to Nahum's results from T.37 and T.48  [108]. The 

table lists BIPED measurement peaks, cadaveric original peaks and scaled peaks, and the 

percent difference between BIPED and cadaveric scaled peaks. 

CSFP& Acc. BIPED  T.37  
Scaled 

T.37 
% Diff. T.48  

Scaled  

T.48 
% Diff. 

Scaled 

Ave. 

% 

Diff 

Front (kPa) 171.5 142.3 135.0 27.0 121.4 183.4 -6.5 159.2 7.7 

Side (kPa) 132.9 72.9 69.2 92.1 51.5 77.7 71.0 73.5 81.0 

Back Max (kPa) 72.8 16.1 15.3 375.5 2.6 3.9 1790.7 9.6 659.9 

Back Min (kPa) -31.3 -50.9 -48.3 -35.3 -14.9 -22.4 39.3 -35.4 -11.6 

Acc. (g) 197.2 207.9 197.2 0.0 130.6 197.2 0.0 197.2 0.0 
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Table 4.3. CSFP and accelerations for BIPED tests with steel surface from the impact 

velocity of 2 m/s compared to Nahum's results from T.49, T.51, and T.52 [108]. The table 

lists the BIPED measurement peaks, cadaveric original peaks and scaled peaks, and the 

percent difference between BIPED and cadaveric scaled peaks. 

CSFP& Acc. BIPED  T.49  
Scaled 

T.49  
% Diff. T.51  

Scaled  

T.51 

% 

Diff. 
T.52  

Scaled  

T.51 

% 

Diff. 

Scaled 

Ave. 

% 

Diff 

Front (kPa) 119.4 258.6 105.2 13.5 498.1 128.6 -7.1 460.5 149.4 -20.0 127.7 -6.5 

Side (kPa) 105.0 162.9 66.3 58.4 316.0 81.6 28.7 247.2 80.2 30.9 76.0 38.1 

Back Max (kPa) 31.0 39.3 16.0 93.4 66.0 17.0 81.8 127.9 41.5 -25.4 24.8 24.6 

Back Min (kPa) -16.9 -36.2 -14.7 14.5 -26.7 -6.9 145.0 -17.8 -5.8 192.5 -9.1 84.8 

Acc. (g) 142.0 348.9 142.0 0.0 550.0 142.0 0.0 437.8 142.0 0.0 142.0 0.0 

 

The CSFP was linearly associated with the resultant linear accelerations with 

coefficients of determination R2 ranging from 0.96–1.00, and the linear trendline for the front 

CSFP had no statistical difference from that found in the cadaver study [108]. Figure 4.6 

provides the average of the front (Figure 4.6(a) and (b)), side (Figure 4.6(c) and (d)), and back 

positive peak CSFP (Figure 4.6(e) and (f)) plotted against the resultant accelerations of three 

axes and corresponding regression trendlines. For the front impact, the cadaveric CSFP-

acceleration trendline was between the regression lines of the BIPED impacts on PMC746 and 

VN600 surfaces (Figure 4.6(a)). The cadaveric data points in Figure 4.6 were from tests of the 

cadaver when varying the impact surface and velocity. When pooling the BIPED data from 

different impact surfaces, the trendline for the front CSFP aligned with that for the cadaver 

tests, as shown in Figure 4.6(b). The slope (0.91) of the regressions for the BIPED pooled data 

had no significant difference from that of the cadaveric data (0.94) with a p-value of 0.74. The 
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slope of regression lines for the back pressure also had no significant differences (p=0.65), but 

the intercept for the BIPED (2.88) was notably higher than for the cadaver (-16.60), shown in 

Figure 4.6(f). For the side pressure, the BIPED trendline slope was significantly greater 

(p<0.001) than the cadaver trendline, shown in Figure 4.6(d).  

CORA ratings for the front CSFP (0.68 and 0.72) suggest a good match of the time 

histories of the front pressure (Table 4.4). The total ratings for the side CSFP (0.44 and 0.70) 

were lower than the front CSFP. Among CSFP at the three locations, the back CSFP ratings 

were the lowest, with total ratings being 0.27 and 0.66. 
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Figure 4.6. Comparison of CSFP peaks varying with accelerations between BIPED and 

Nahum et al.’s cadaver tests. (a), (c), (e) shows the regression analysis of BIPED CSFP 

and accelerations for each impact surface compared to cadaveric data. (b), (d), (f) show 

the regression analysis regardless of the impact surface compared with the cadaveric 

data. Not all the cadaveric data points are shown in (a), (c), and (e), but the same 

cadaveric data are all shown in (b), (d), and (f).  

Table 4.4. CORA sub ratings and total ratings of the BIPED CSFP from impact with 

PMC746 and steel surface compared with Nahum’s cadaveric data [108]. Cross-

correlation rating (CC) is a sum of 50% shape, 25% size, and 25% phase ratings. The 

total rating is a sum of 50% CC and 50% corridor rating. 

CSFP Comparison Shape Size Phase CC Corridor Total 

Front 
BIPED-PMC 0.83 0.69 0.70 0.76 0.59 0.68 

BIPED-Steel 0.82 0.61 0.94 0.80 0.64 0.72 

Side 
BIPED-PMC 0.76 0.49 0.23 0.56 0.33 0.44 

BIPED-Steel 0.84 0.72 0.77 0.79 0.61 0.70 

Back 
BIPED-PMC 0.08 0.33 0.16 0.16 0.39 0.27 

BIPED-Steel 0.66 0.46 1.00 0.69 0.63 0.66 
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4.4 Discussion 

This study sought to characterize the ICP biofidelity and the kinematics and ICP 

repeatability of the BIPED when subjected to translational blunt impact. The commonly used 

headforms are limited to replicating head kinematics. To obtain key intracranial responses such 

as ICP and brain strains, researchers commonly use numerical models probably due to the lack 

of appropriate physical head models [91]. On the one hand, numerical models using kinematics 

as input may be inappropriate to replicate intracranial responses when skull deformations 

caused by the impact contribute to the intracranial responses, since local skull deflections have 

been found to affect brain pressures while maintaining the head linear accelerations [143]. On 

the other hand, simulating all objects involved in an impact incident, such as the head, 

headgear, and impactor is complicated and particularly challenging when the constitutive 

models and contact characteristics of novel safety gear are not fully understood. Compared to 

numerical models, physical models have the notable advantage of being easy to manipulate 

and allowing direct interaction with the surrounding environment. Sophisticated headforms 

that can accurately provide ICP measurements in addition to kinematics can potentially extend 

the understanding of head injuries and improve the assessment of protective headgear. 

The BIPED kinematics and ICP including the CSFP and IPP generally demonstrated 

acceptable repeatability during the pendulum impacts. Except for some kinematics and back 

ICPs with a mean of approximate zero, the measures for all the impact scenarios generally had 

COVs lower than the upper threshold of good repeatability (7%) and more than half of the 

measures had COVs below the excellent repeatability threshold of 3%. The extremely large 

COVs for the linear accelerations in the Y direction and angular rates in the X and Z directions 

were attributed to the low means as the COV was the standard deviation divided by the mean 
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of the measures. The relatively large COVs of the back ICP can be attributed to combined 

factors of the contrecoup pressure measured at the opposite side of the impact site. The pressure 

wave induced by impacts propagates from the impact site of the head throughout the front CSF 

and the brain to the back side of the cranium, resulting in back ICP. Due to the relatively far 

location from the impact site, the back ICP peaks were close to zero for low impact velocities, 

resulting in large COVs. Moreover, the head accelerations, CSF distribution, brain motions, 

and the sensors and cables in the brain can all affect the initiated pressure magnitudes and 

pressure propagation, contributing to the variance of back ICP. Despite the few large COVs, 

the low COVs of most measures indicated that the BIPED was repeatable considering both 

global head kinematics and ICPs for frontal impacts. Moreover, the low COVs also 

demonstrated that the described method of equipping the BIPED with kinematic and ICP 

sensors was suitable. 

Based on the comparison with the available cadaver tests, the BIPED front CSFP 

demonstrated good biofidelity considering both the peaks and time histories. The BIPED front 

CSFP peaks were only slightly different (<10%) from the average of cadaver peaks. The ISO 

Technical Reports TR9790-1 for a dummy requires that the difference of head acceleration 

peaks with cadaveric data should be within ±15% [96]. No requirements have been defined for 

ICP, but the requirement for the accelerations can be applied to ICP since studies found the 

ICP was proportional to accelerations in blunt impact [108]. Therefore, the peaks of the front 

CSFP meet the biofidelity requirement referring to the ISO TR9790-1 standards. Moreover, 

the linear trendline of the BIPED front CSFPs against accelerations aligned well with that of 

the cadaveric data, confirming that the BIPED front CSFP peaks are comparable with the 

cadaveric data regardless of the acceleration peaks. On the other hand, the time histories of the 
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BIPED front CSFP also demonstrated good global biofidelity as CORA ratings (0.68–0.72) 

are close to the threshold of good biofidelity of 0.7. The high cross-correlation ratings 

indicating the closeness in the shape and size of the front CSFP profiles contributed to the good 

global biofidelity. The corridor ratings were relatively low compared to the cross-correlation 

ratings due to the vibrations of the CSFP signals proved by the spikes of the signals shown in 

Figure 4.5(a) and (b).  

The shape of the BIPED side CSFP profiles matched with cadaveric CSFP, but the 

peaks were over 20% greater for comparison with all the cadaver tests. Although the total 

CORA ratings (0.44 and 0.70) of the side CSFP were notably different for the two 

comparisons, the shape sub-ratings were both greater than 0.7. It is reasonable that the shape 

of the time series matched well since the comparison tests were selected based on similarity in 

pulse durations, the factor that partially determines the shape. The discrepancy of peaks was 

possible due to the larger volume (1491 cm3) of the BIPED brain than the average cadaver 

brain (1274 cm3). The brain is constrained by the rigid skull. During the front impact, the skull 

moves toward the brain. Thus, the front region of the brain compresses, and the side region 

dilates due to the incompressibility of the brain surrogate. A larger volume of the BIPED brain 

may lead to more compaction at the side of the head, thus resulting in a higher side CSFP. A 

study using a numerical model also found that peak ICP was proportional to brain size [143]. 

Another reason may be that the BIPED had no meninges to maintain the shape and location of 

the brain. Therefore, the BIPED brain may experience more dilation at the side region than the 

cadaver brain. The saline water served as CSF was less viscous than the CSF in the human 

head, which may also affect the CSFP. However, further research is required to examine these 

factors in order to improve the ICP biofidelity of the BIPED.  
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Both the positive and negative peaks of the BIPED back CSFP were in the range of 

cadaveric data but had a large difference with the cadaveric data, indicating that further 

comparison with more cadaveric data is warranted to draw a conclusion. The large difference 

may be partially due to the influence of the IPP sensors and cables in the BIPED brain that 

may alter the pressure propagation. Moreover, the BIPED back CSFP sensor was likely not 

placed at the same location as in some cadaver tests, which may result in a larger pressure 

difference. In the cadaver experiment, pressure sensors at the back were placed adjacent to 

each other to examine if the sensors would yield similar results [108]. The remarkable variation 

of percent difference (-35.3–1790.7%) is possibly due to the large variation in cadaver 

measurements caused by the sensor locations. As seen in Figure 4.5 (e), the back CSFP for the 

Nahum’s T.37 and T.47 only exhibited negative impulses, whereas the cadaver time histories 

in Figure 4.5(f) exhibit both negative and positive impulses. As a result, in the comparison 

with T.37 and T.47, the maximum back CSFP for the BIPED was up to 18 times greater than 

for the cadaver, and the total CORA rating for the back CSFP was approximately 50% lower 

than other total ratings. However, in the comparison with cadaveric T.49, T.51, T.52, the total 

CORA rating (0.66) approached the good biofidelity of 0.7 based on Gehre et al. [101]. 

Therefore, comparison with more cadaveric back CSFP data measured at the same regions is 

warranted to conclude the back CSFP biofidelity.  

The BIPED CSFP measured at each side was linearly related to the accelerations, in 

agreement with the cadaveric CSFP-acceleration trend. The slopes of the BIPED front and 

back CSFP-acceleration relations were not significantly different from a cadaver, whereas the 

side CSFP presented significantly different slopes. It is not surprising that the trendlines for 

front CSFP-acceleration relations overlapped (Figure 4.6(b)) as the result is in agreement with 
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previous comparisons between the CSFP peaks (Table 4.2 and Table 4.3). In previous 

comparisons, the cadaveric CSFP and linear accelerations were scaled by multiplying a ratio 

to match the cadaver and BIPED accelerations. The BIPED front CSFP peaks were found in 

the range of cadaveric data for the same acceleration peaks. The current comparison of the 

trendlines did not scale the cadaveric data as its linear trendline is independent of the linear 

scale process. Note that the BIPED and cadaver back CSFP-acceleration trendlines were 

parallel but the cadaver trendline was lower (Figure 4.6(f)). This is because the cadaver 

trendline had a notable intercept (-16.60), due to the small sample size (n=6) of the cadaver 

test and the large variance of the back pressure.  

Compared to the limited cadaver IPP, the BIPED IPP responses were in line with the 

reported ICP measured in brain parenchyma. To our knowledge, only Hardy et al. inserted 

pressure sensors into the brain parenchyma of cadavers to measure IPP in blunt impact [134]. 

An average peak coup pressure of 68 ± 48 kPa (i.e., the pressure under the impact site), 

contrecoup pressure of -26 ± 51 kPa, and a mean acceleration of 124 ± 38 g were reported 

when stopping cadaver head subjects that moved horizontally with an acrylic block. For a 

similar impact surface (i.e., the PMC746 surface) and the same acceleration of 124 g, the 

BIPED coup and contrecoup IPP were 99.6 and -3.5 kPa interpolated from the IPP-acceleration 

linear relationship. Although up to 46% higher than the mean, the IPP was within one standard 

deviation of the mean in Hardy’s study. 

This study has several limitations. The BIPED was only compared to limited cadaveric 

ICP measurements. A limited number of studies have measured ICP in the human head, since 

installing the necessary sensors into the CSF and brain without damaging the brain constitution 

is challenging, and obtaining cadaver specimens can be difficult and possesses ethical 
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concerns. There was a lack of cadaveric ICP data for other head impact locations such as the 

side and back impacts. Thus, this study limited its comparison of BIPED ICP to a few cadaver 

tests with frontal impacts [108], [134]. Nevertheless, most current numerical and physical 

models validate their brain and head models based on the same cadaveric data that we used in 

the current study [21], [151]. In addition, we assumed zero intercepts when scaling cadaveric 

ICP, while the ICP-acceleration equations shown in Nahum’s study had nonzero intercepts 

[108]. Thus, the scaled ICP was slightly different from what would be calculated using the 

equations in Nahum’s. However, it is reasonable to assume zero intercepts based on the 

mechanisms of ICP and accelerations. Since the cadaveric experiments had no constraints or 

shield on the head, the ICP and acceleration would generate together in response to an impact 

and therefore a zero acceleration would indicate a zero ICP change.  

Moreover, as mentioned before, the possible difference in pressure and acceleration 

sensor locations as well as measurement methods compared to cadaveric experiments may 

cause bias in the data in comparison. Since Nahum’s cadaveric study did not provide the 

coordinates of the sensors used, the present experiment matched the cadaveric study as possible 

as we could. Nahum et al. obtained resultant linear accelerations from biaxial accelerations in 

the midsagittal plane, while our study used resultant linear accelerations based on triaxial 

accelerations [108].  However, we found that the difference in resultant linear accelerations 

from the biaxial and triaxial measurements was negligible since the BIPED impact direction 

was within the midsagittal plane while the head linear movement perpendicular to the 

midsagittal plane was negligible.  

 To compare the ICP with cadaveric data, we matched the linear accelerations instead 

of the impact conditions such as the impact surface and velocity with the cadaver study. A 
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primary reason is due to the unknown impact surface used in Nahum et al.’s cadaveric study 

and our pendulum setup was not meant to operate at the high impact velocities (5–8 m/s) that 

were used in the cadaver study [108]. Since the Hybrid III neck is stiffer than the human neck 

[158], even the same impact conditions would likely result in different head kinematics. 

Therefore, this study compared the ICP based on the match of linear accelerations since the 

mechanism of ICP has long been correlated to linear accelerations [18], [71]. As a result, 

characteristics of BIPED ICP biofidelity in our study are limited to informing future 

improvement of the head internal structures which do not affect head acceleration biofidelity. 

Our previous study found that the BIPED acceleration peaks have no statistically significant 

difference with cadaveric data, but BIPED pulse durations are longer [120]. Since ICP is 

dependent on the accelerations, future biofidelity improvement based on the acceleration pulse 

durations will improve the ICP biofidelity as well. Another limitation associated with the 

comparison is that we did not mass scale the acceleration and ICP as the mass of the cadaver 

head is unknown. Since head mass affects head linear accelerations but has no effect on ICP 

based on Panzer et al.[136], the head mass can affect the relationship between ICP and head 

linear accelerations and thus should be taken into consideration when possible. 

4.5 Conclusion  

This study characterized the ICP biofidelity and kinematic and ICP repeatability of the 

BIPED subjected to translational impacts. Our evaluation suggests that the BIPED can provide 

biofidelic coup ICP and highly repeatable kinematics and ICP measurements for frontal 

impacts. The side CSFP peaks were substantially different from previous cadaveric data, which 

highlighted the need to improve the biofidelity of the head’s internal components. This study 

provides important insights into the biofidelity and repeatability characteristics of a 
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comprehensive headform that might be a new useful tool for application to studying head 

injuries in blunt impacts. The findings inform the future work of improving the ICP biofidelity, 

toward a biofidelic and repeatable headform capable of replicating both global head kinematics 

and intracranial responses. 
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Chapter 5  Improving the BIPED Biofidelity by Refining the 

Surrogate Scalp  

Based on the results of the studies in Chapters 3 and 4, the BIPED exhibits repeatable 

kinematic and ICP responses and shows promising biofidelity, though the biofidelity could be 

further improved. One of the major limitations related to the BIPED biofidelity was that its 

acceleration pulse duration was approximately 50% greater than cadaveric data. The long pulse 

duration negatively impacted the overall biofidelity level of both the acceleration and ICP 

responses since ICP is correlated to linear accelerations. The longer pulse duration was likely 

associated with the lower stiffness of the BIPED headform compared to cadaver heads. 

Therefore, improving the head stiffness to reduce the pulse duration was the focus of the 

refinement.  

As an external layer of the head, the scalp plays an important role in head stiffness and 

impact responses, but how to refine the thickness and material of the scalp to improve the 

biofidelity is unknown. To provide guides on improving the biofidelity of the BIPED, the study 

presented in this chapter aimed to evaluate the influence of surrogate scalp material and 

thickness on head accelerations and ICP. The content below has been submitted to the Journal 

of the Mechanical Behavior of Biomedical Materials as an original research article. 

5.1 Introduction 

Head injuries commonly occur in falls, sports, motor vehicle crashes, and military 

settings, and are a major worldwide health concern [10], [159]. In the United States alone, 2.8 

million cases of head injury occur annually, with associated costs of $76.5 billion [160]. 2% 
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of such injuries result in death [160]. Globally, an estimated 69 million individuals suffer from 

traumatic brain injuries (a major subset of head injuries) each year [10].   

The headforms of Anthropometric Testing Devices (ATD) are typical physical head 

surrogates that are commonly used in biomechanical research and the assessment of protective 

devices designed to reduce the risk of head injury. These head surrogates are generally 

designed to replicate human head responses under comparable loading conditions. Human 

cadavers offer anatomical representations of live humans and can provide valuable data for 

biomechanical research [11]. However, using human cadavers involves drawbacks such as 

limited specimen availability, storage technique challenges, experimental complications, low 

reusability, and ethical restrictions. In comparison to cadaver heads and human volunteers, 

headforms have the advantages of being easy to use and store, durable, reusable, and pose no 

ethical concerns [11].  

Although the structures and mechanical properties of surrogate head components can 

be significantly different from those of the human head, several headforms are available that 

can replicate the global kinematics of the human head. Head kinematics including linear 

acceleration, angular acceleration, and angular velocity are correlated with the mechanisms 

and risk of head injuries [63], [124]. To simulate the human head's linear and rotation 

kinematics, the common headforms are generally designed to mimic the mass, shape, moment 

of inertia, and global stiffness of the human head. Standardized headforms such as the ISO/DIS 

6220 and EN960 consist of a headlike shell of urethane or metal without internal anatomical 

components [104]. The commonly used Hybrid III headform consists of a hollow aluminum 

shell and a vinyl scalp [161]. The scalp is less stiff than the human scalp to offset the large 

stiffness of the aluminum skull [161]. A sport-standard headform developed by the National 
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Operating Committee on Standards for Athletic Equipment (NOCSAE) comprises a 

polyethylene skull filled with a glycerin brain simulant [149]. However, the NOCSEAE 

headform has no other intracranial structures, and the physical characteristics related to brain 

responses were not considered in its development [105]. Therefore, these headforms measuring 

pure global kinematics generally lack the simulation of anatomical details which may require 

considerations for advanced headforms measuring both the kinematics and intracranial 

mechanics. 

Intracranial mechanics such as intracranial pressure (ICP) in the cerebrospinal fluid and 

brain parenchyma, brain stress, and brain strain have been associated with TBIs; however, to 

our knowledge, there is currently no commercially available headform that can replicate these 

mechanics [162], [163]. An impact to the head can generate stress waves that propagate in the 

skull and brain, resulting in an increased ICP near the impact side, a decreased ICP at the 

opposite side, and pressure gradients throughout the brain [18], [164]. These pressure changes 

cause compression, tension, and shear stresses of the brain tissue, and thus the ICP has been 

proposed as an injury mechanism and is associated with the risk of brain injuries [75], [90]. 

Some numerical simulation studies suggest using injury risk models based on ICP, brain 

stresses, and strains as these mechanics are more closely related to brain responses than global 

head kinematics [162], [165]. However, studies of such intracranial mechanics are limited to 

numerical studies due to the lack of adequate physical head surrogates, which may be 

problematic in the context of helmet assessment where a physical head is needed to exhibit 

realistic head-helmet interaction. To replicate intracranial mechanics, headforms require a 

complex design of anatomical details including the structure, geometry, and materials of the 

internal and external head components. 
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 Few studies have attempted to develop physical head models with internal components 

such as a brain to simulate intracranial mechanics in addition to kinematics [102], [22]. Freitas 

et al. developed a human head surrogate that contained surrogate tissue such as the brain and 

dura for studying the ICP and acceleration responses resulting from non-perforating ballistic 

impact [17]. As the skull was a refreshed human cranium, this head surrogate was prone to 

fracture under severe impact conditions and thus was not a robust device for repetitive use. A 

recent study used a hollow polycarbonate spherical shell filled with water to study the head 

dynamic responses including ICP and accelerations induced by pendulum impact [166]. This 

simple head model is likely not biofidelic as its structures, dimensions, and materials were 

greatly different from those of the human head. Another head surrogate for impact tests 

simulated the external geometry and anatomic components of the human head, targeting 

providing biofidelic ICP responses [21]. However, the kinematics of this head surrogate has 

not been validated against cadaveric data from published work. Although originally developed 

to measure the ICP in blasts [22], the Blast Injury Protection Evaluation Device (BIPED) is 

one of the few head surrogates that contain the main anatomic details of the human head and 

has demonstrated potential for use in blunt impacts. The details of the head design are 

introduced in section 5.2.1. A recent study evaluating this headform found that the acceleration 

peaks were not statistically significantly different from cadaveric data but the pulse durations 

were 49% greater [120]. The impact stiffness of the BIPED was up to 53% lower than that of 

cadaver heads. It was suggested that the biofidelity of the headform can be improved by 

refining the scalp and skull to tune the stiffness of the surrogate head [120]. Considering the 

relative biofidelic structure of the BIPED and its potential of providing biofidelic and 
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repeatable kinematics and intracranial mechanics, this study was based on experiments using 

the BIPED. 

The scalp plays an important role in head impact responses during blunt impact loading 

conditions. Using the EN960 headform for drop impacts, Trotta et al. found that adding a 

porcine skin to the headform surface resulted in a decrease in peak accelerations of up to 25% 

and a decrease in impact energy of up to 69% [167]. The scalp significantly influences head 

kinematics since it affects head mechanical properties and sliding interactions [167]. A study 

impacted a deformable skull on the Hybrid III scalp padding and another stiffer padding 

individually. The resulted accelerations for the Hybrid III scalp padding were half of that for 

the stiffer padding, likely due to the lower stiffness of the Hybrid III scalp [168]. However, 

how altering the material and thickness of the scalp can change the global and intracranial 

responses of a headform is unclear when refining the head design. 

Based on the above considerations, this study aimed to investigate the influence of 

material and thickness of surrogate scalps on the impact response of the head-brain model 

BIPED, in an attempt to refine the design to improve its biofidelity for use in blunt impact. 

The specific objective was to use the BIPED headform and scalp pads of different moduli and 

thicknesses to evaluate the influence of these parameters on the impact accelerations and 

intraparenchymal pressures and to identify an optimal choice of the scalp that could effectively 

improve the BIPED biofidelity. 



Page | 111  

 

5.2 Materials and Methods 

5.2.1 Head surrogate 

The BIPED consists of a surrogate scalp, two halved skulls, a brain surrogate, a saline 

water layer serving as the cerebrospinal fluid, and tentorium and falx membranes. Figure 5.1 

shows the models of the BIPED skull and brain components (Figure 5.1(a)) and the BIPED 

assembly with pressure sensors in the brain (Figure 5.1(b). Details on the head geometry, 

materials, and instrumentation can be found in previously published literature by Ouellet et al. 

[22] and Li et al. [120]. Briefly, the dimension and geometry of the head simulated the average 

male. The skull, CSF, and brain are modeled with the TC-854 A/B Polyurethane (BJB 

Enterprise Inc., CA United States), saline water, and Sylgard 527 silicone gel (Dow Corning 

Corporation, MI United States), respectively.  

The scalp is made from urethane rubber Vytaflex20 (Smooth-On Inc., PA United 

States) and has an average thickness of 6 mm. The skull thickness (6.35 mm) and the 

compression elastic modulus (2.275 GPa) are within the reported human head data [40], [169]. 

Filling the skull cavity, the surrogate brain has a density (907 kg/m3) and bulk modulus (1.065 

GPa) close to the human brain (1081 kg/ m3 and 2.1 GPa) [170], [171]. Moreover, the Sylgard 

527 silicone gel is nearly incompressible with a Poisson's ratio approaching 0.5 [115],  similar 

to that of the human brain tissue (0.49–0.5) [60]. While brain tissue exhibits non-linear 

viscoelastic behavior with shear softening above 5% strain [116], the Sylgard 527 behaves as 

a linear viscoelastic solid for strain up to 50%. The shear storage and loss modulus of the 

Sylgard 527 are on the same order of kPa as the human brain tissue or porcine brain tissue for 

oscillation frequencies up to 200 Hz [60], [172], [173]. Thus, the Sylgard 527 is agreed to be 
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an adequate surrogate brain material for low shear strains and low loading frequencies [22]. 

Although the Sylgard 527 silicone brain may not exactly replicate human brain responses for 

high strains and strain rates, it can be used in trend and relative comparison studies [116].  

Since the bulk modulus of the Sylgard 527 has a magnitude in the order of 1 GPa while the 

shear modulus magnitude is in the order of 1 kPa [117], [118], the brain pressure measured 

with a pressure sensor depends mainly on the bulk property of the material. As a result, the 

effect of non-linear shear behavior on intracranial pressure is negligible since shear softening 

properties only apply to deviatoric behavior. The original BIPED mark 1 (mk1) was used in 

this study. A BIPED mk2 version based on mk1 is currently under development for use in blunt 

impact scenarios. For this study, the original BIPED scalp was removed and replaced with pads 

that simulated the scalp at the impact region.  

 

Figure 5.1. (a) models of the BIPED components including the brain, basilar skull, upper 

skull cap, tentorium, and falx membrane, (b) BIPED assembly without the scalp 

(a) (b) 
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5.2.2 Surrogate scalp pads 

To study the effect of surrogate scalp material and thickness on head impact responses, 

four urethane rubber materials including Vytaflex20, Vytaflex40, Vytaflex50, and PMC746 

(Smooth-On Inc., PA United States) were each molded into four pads with thicknesses of 2, 4, 

6, and 8 mm. Urethane rubbers are resistant to abrasion and tearing, ensuring the durability of 

the scalp under repetitive head impacts. Additionally, urethane rubbers are flexible, making 

the installation and removal of the scalp easy. The densities of these materials (1000–1030 

kg/m3) are similar to the density of the human scalp (1000 kg/m3) [29]. The Vytaflex series 

and the PMC746 material were selected based on the range of their shore hardness (Shore A 

20 to 60) which is similar to the reported hardness of human skin (shore A 20 to 75) [174], 

[175]. The thicknesses were chosen based on the reported thicknesses of the human scalp (1–

9 mm) [27]. The pad area (9 cm by 9 cm) was selected to fully cover the impact region (~3 to 

5 cm diameter) on the skull.    

As stiffness is positively correlated to Young’s elastic modulus [176],  the modulus 

was used to distinguish between the selected surrogate scalp materials in this study. The 

compression modulus of each material was determined by compressing the samples of each 

pad material at a rate of 0.1 mm/s (0.013/s) using a customized material testing system that has 

a maximum loading capacity of 25 lb. For each material, a 5 by 5 mm square was cut from the 

8 mm thickness pads to serve as the testing sample. Due to the low loading range, a small 

cross-section area was chosen for the samples to generate sufficiently high stress and strain 

values. Before the test, the testing sample was placed freely on a steel position plate under the 

center of the compression loading head which has a load cell to capture the loading force. A 

preload of 1 N was used to initiate the compression of the sample. Then the sample was 
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compressed to reach the maximum loading capacity of the system, resulting in 50%–65% strain 

of the testing samples. Each test was repeated three times. The stresses were obtained by 

dividing the force by the cross-section area of the sample, and the strains were calculated by 

dividing the measured displacements of the loading head by the sample’s thickness. The secant 

modulus for each material was calculated based on the slope of the line between the zero point 

and the point at the 50% strain on the stress-strain curves. The measured modulus and the 

hardness of the materials are presented in Table 5.1.  

Table 5.1. The Shore A hardness and estimated modulus of the pad materials 

Properties VytaFlex20 VtaFlex40 VytaFlex50 PMC746 

Shore A Hardness  20 40 50 60 

Modulus (MPa) 1.868 3.337 4.309 5.573 

 

5.2.3 Experimental Setup and Method 

The experimental setup consisted of a monorail drop tower, a drop release actuator, a 

gimbal assembly, an aluminum impact plate, a load cell positioned under the impact plate, a 

steel anvil, and data acquisition hardware and software (Figure 5.2(a)). During the 

experiments, the scalp pad was kept in place on the BIPED skull surface using a stretchable 

nylon net from a thin stock that tightly covered the head without changing the impact stiffness 

(Figure 5.2(b)).  
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Figure 5.2. (a) Experimental setup showing the drop release actuator (1), gimbal (2), 

monorail (3), impact plate (4), load cell (5), anvil (6), and BIPED (7) with a scalp pad (9) 

attached using a nylon net (8). (b) An example of the BIPED skull-brain model with a 

scalp pad attached to the forehead.  

The load cell (PCB 208C05, PCB Piezotronics Inc., NY United States) was installed 

between the impact plate and the anvil to measure the impact force of the headform (Figure 

5.2(a)). Linear head accelerations were estimated by applying Newton’s second law, impact 

force divided by the mass of the head. We used this method to obtain the linear acceleration 

along the vertical drop direction, which was the same as the method used in Loyd’s cadaveric 

study [133]. Loyd et al. dropped cadaver heads to a rigid plate and measured the impact force 

for calculating linear accelerations [133] Our setup replicated Loyd’s setup such that the 

BIPED accelerations can be compared to the cadaver data from Loyd et al. Three pressure 

sensors (XCL-072, Kulite Semiconductor Products, NJ United States) were installed in the 

front, right, and back of the surrogate brain parenchyma. As mentioned before, the stress wave 

propagating in the brain results in pressure changes. The pressure sensors capture the brain 

(a) (b) 
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stresses normal to the sensor diaphragm, which is mainly governed by the volumetric stress 

since the bulk modulus of the brain material is far greater than its shear modulus. Details 

regarding the force and pressure instrumentation can be found in previous literature [120]. Due 

to the replacement of the full scalp with the pads, the impact mass was less than that of the 

BIPED with the full scalp. To address the reduction in mass, a weight of 0.65 kg was added to 

the neck mounting surface, resulting in an impact mass of 3.65 kg, close to the original BIPED 

weight of 3.85 kg.  

Before impact, the headform was held in place by the gimbal, with the impact location 

facing downwards toward the impact plate. Once released, the head fell with the gimbal 

impacting the metal plate. Impact force and brain pressure at the impact site were recorded at 

a rate of 25 kHz using the load cell, the embedded pressure sensors, hardware PXI 6251and 

LabVIEW 2020 (National Instruments, Austin, TX United States). A hardware anti-aliasing 

filter with a cut-off frequency of 4 kHz was used to filter the pressure analog signals.  

The headform was impacted at three locations (front, right side, and back of the head) 

and from two drop heights (5 and 19.5 cm). Each test was repeated three times. The 5 cm drop 

height corresponds to an average impact velocity of 1.00 m/s and was selected to avoid 

damaging the skull. The 19.5 cm drop height was selected to achieve the same impact velocity 

(1.74 m/s) as a previous experimental study using cadavers [133]. All the drops of 5 cm were 

performed before the drops of 19.5 cm. 

5.2.4 Data Analysis Methods 

Based on SAE J211b specifications, the force and pressure signals were also filtered 

by a 4th order low-pass Butterworth filter using MATLAB R2020a (MathWorks, MA United 
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States) with a cut-off of 1650 Hz [154]. To provide comparisons to data from a cadaveric study, 

accelerations from the present study and the cadaveric study were mass scaled to the equivalent 

response of the 50th percentile male (4.5 kg)  based on the scaling laws below [136].  
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                                    Equation 5.1 

where 𝑎 , 𝑡 , and 𝑚  denote the acceleration magnitude, acceleration duration, and mass of 

subject 1 (the 50th percentile male) and subject 2 (BIPED). The scaling law was based on the 

assumption of the same material stiffness (𝐸1 = 𝐸2), mass densities (𝜌1 = 𝜌2), and similar 

geometries between the two subjects [136]. This assumption is reasonable when scaling the 

response based on only the mass. Historically, the scaling laws were based on equal strains 

caused by impacts using the dimensional analysis method, since strains are causes of tissue 

damage [136], [177]. For instance, the scaling law for linear accelerations can be derived based 

on the equations below. 
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𝟑∙ 𝑳𝟏

𝟐

𝝆𝟏𝑳𝟏
𝟑∙𝑳𝟐

𝟐 =
𝑳𝟐

𝑳𝟏
= √

𝒎𝟐

𝒎𝟏

𝟑
                              Equation 5.4 

where 𝜀 , 𝜎 , 𝐸 , 𝐴 , and 𝐿  are the strain, stress, elastic modulus, impact area, and length, 

respectively. Peaks and durations of the acceleration and coup pressure were acquired from the 

measurements using MATLAB. The acceleration duration was defined as the period across 

0.1% of the acceleration peak, and the pressure duration was defined as the period across 20% 

of the pressure peak based on the previous study [120]. 
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Multiple linear regression (MLR) was performed for each impact height and location 

to evaluate the influence of the pad material and thickness on the peaks and durations of both 

the acceleration and brain pressure. IBM SPSS Statistics 26 software (Armonk, NY United 

States) was used to conduct the MLR. We chose MLR because it can evaluate the significance 

of each variable’s influence on the dependent variable as well as compare the relative strength 

of the influence. The independent variables of each MLR included the material modulus and 

the pad thickness. The dependent variable for each model was either the peak or the duration 

of the acceleration or the pressure. A total of 24 MLR models were analyzed, as shown in 

Table 5.2. The regression equation is:  

Y = β
0
 + β

m
Xm + β

t
Xt  + ε                                         Equation 5.5 

where Y is the dependent variable (i.e., peak or duration of the acceleration or pressure); Xm is 

the material modulus; Xt is the pad thickness; 𝛽0  is the intercept; 𝛽𝑚  and 𝛽𝑡  are the slope 

coefficients for the modulus and thickness variables, respectively; and ε represents the residual 

of the model.  

The standardized 𝛽 coefficients, adjusted coefficient of determination (R2), and F value 

are key regression outcomes that capture the regression results. The standardized 𝛽 

coefficients, 𝛽𝑚 for modulus and 𝛽𝑡 for thickness indicate the strength of the influence of these 

independent variables on the dependent variable. The significance of the influence is indicated 

by p values of the 𝛽. R2 quantifies the quality of fit between the measured acceleration or 

pressure and model predictions. The adjusted R2 compensates for biases in R2 due to small 

sample sizes. Based on Cohen, Regression models with R2 greater than 0.25 are generally 

deemed acceptable [178]. Finally, the F value indicates the efficiency of the model when 
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compared to a model with zero independent variables, and its corresponding p-value captures 

the model's significance. In other words, the p-value of the F-test assesses if all the 𝛽 

coefficients of the model are equal to zero. p-values smaller than 0.05 are considered 

statistically significant as 0.05 is used by a majority of statistical studies [179]. While recent 

studies suggest using a more stringent threshold such as 0.005 [179], we found that using 0.05, 

0.01, or 0.005 would not change the general conclusion as most of the significant p-values in 

our results were lower than 0.001. IBM SPSS Statistics 26 software (Armonk, NY United 

States) was used to conduct the MLR. 

Table 5.2.  Summary of the MLR models for the experiments. 

Dependent variable Y Height Impact location 
Total NO. 

of models 

Acceleration peak 

Acceleration duration 

Pressure peak 

Pressure duration 

5 cm 

19.5 cm 

Front 

Right side 

Back 

4X2X3=24 

To assess the biofidelity of the BIPED with each scalp pad, the CORrelation and 

Analysis (CORA) method was used to evaluate the accelerations from the 19.5 cm drops at the 

three impact locations. Several methods can quantitatively assess the biofidelity of human 

surrogates, such as the ISO/TR 9790 standard, the ISO/WD 15830-1 standard, the Biofidelity 

Ranking System (BioRank), and the CORA [96]–[98], [180]. Both the ISO/TR 9790 and 

ISO/WD 15830-1 standards evaluate the closeness of only the peaks between tests with the 

headform and cadaver heads, while other information influential to head injuries such as the 

measures’ duration is not considered [96], [97]. The BioRank assesses the biofidelity based on 

the accumulative variance across the time histories, which depicts the overall closeness of the 

magnitudes over time but cannot depict the closeness of individual aspects such as the size and 
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shape of the measures [98]. This study adopted the CORA method because it evaluates several 

different aspects of the measures, including the corridor, size, shape, and phase.   

CORA quantifies the level of similarity between the time histories of the two tests 

[100], i.e. the BIPED accelerations and the previous cadaveric accelerations in this study. This 

method calculates biofidelity ratings based on two perspectives, the corridor and the cross-

correlation of the comparison data. The corridor method specifies an inner and an outer 

corridor along the reference data, i.e., the cadaver accelerations. The corridor rating was 

calculated based on the relationship between the BIPED acceleration data points and the 

corridors. The cross-correlation rating was calculated based on the similarity of the comparison 

data’s size, phase, and shape, each of which has formulae to calculate a rating [100]. The 

defaulted cross-correlation rating is a sum of 50% of the shape rating, 25% of the size rating, 

and 25% of the phase rating. The total CORA rating is the sum of the weighted corridor rating 

(50%) and cross-correlation rating (50%), with a range from “0” to “1” representing poor to 

perfect matches, respectively [100]. CORAplus 4.04 (pdh, Gaimersheim, Germany) was used 

to perform the CORA between the BIPED average accelerations across repeated impacts and 

average cadaveric data obtained from impacts of the same velocity [133]. All the parameters 

were set the same as in a previous study of the BIPED [120]. 

There is yet no clear scale between the biofidelity level and the CORA ratings. Using 

the software default parameters, some researchers assumed good biofidelity when the total 

rating was no less than 0.7 [101]. This study selected the inner and outer corridor widths as a 

standard deviation of the cadaveric data and a standard deviation of cadaveric data plus 15% 

of the BIPED peak, respectively, which were lower than the software defaulted 5 and 50% of 

the peak and had a stronger scientific basis. The selection of the inner corridors assumed that 
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a perfect match inferred the BIPED data was within a standard deviation from the average 

cadaveric data. The selection of the outer corridors assumed that poor head surrogates with 

responses outside of the outer corridors would fail to distinguish the head injury risk of 40% 

from 60% [120]. Thus, the outer corridor widths approximated the difference between injury 

risk of 40% and 60% in acceleration injury models proposed by [139].  Other parameters such 

as weights of each sub-ratings for calculating the total ratings used the software defaults, as 

these defaults have been empirically accepted in numerous studies. The other parameters used 

were the software defaults. Therefore, CORA ratings equal to or higher than 0.7 can be 

conservatively assumed as good biofidelity in this study. Nevertheless, the CORA ratings 

provide relative comparisons between different scalp models. 

5.3 Results 

The scalp pad thickness significantly influenced the peaks and durations of the 

accelerations and pressures for all impact scenarios (p < 0.05; all 24 𝛽𝑡 coefficients in Table 

5.3  and Table 5.4). The material modulus significantly influenced the dependent variables for 

the 5 cm drop height (p < 0.05; 10 of 12 𝛽𝑚  coefficients in Table 5.3) but was not influential 

for the 19.5 cm drop height (p > 0.05; all 12 𝛽𝑚 coefficients in Table 5.4). The F values (4.70–

352.31) were significant for all the models (p < 0.05; all 24 F values in Table 5.3 and 5.4), 

indicating that the regression models are all significant. Finally, the adjusted R2 values were 

mostly between 0.5 and 0.93 (20 of 24 adjusted R2 values demonstrating the goodness of fit 

for most of the models [178]. The peaks and durations of the acceleration and coup pressure 

measurements were summarized in Appendix Table A3. 
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The regression results demonstrate that the scalp thickness had a stronger influence on 

the dependent variables than the selected scalp materials.  𝛽𝑡 in absolute value (0.34–0.93) was 

larger than absolute 𝛽𝑚 (0.01–0.35) for all 24 models ( Table 5.3 and Table 5.4). Additionally, 

𝛽𝑡 was negative for the peaks and positive for the durations in all the models, whereas 𝛽𝑚 had 

the opposite relationship for the models where this coefficient was significant (10 of 12 𝛽𝑚 in 

Table 5.3). Thus, the thickness was negatively associated with the acceleration and pressure 

peaks and positively associated with their durations. In contrast, scalp modulus was positively 

associated with acceleration and pressure peaks and negatively associated with their durations. 

These results further confirm the trends exhibited in Figure 5.3 and Figure 5.4. 

Table 5.3. Multiple linear regression results for the 5 cm drop height BIPED impacts. 

Shown are the standardized slope coefficient 𝜷𝒎: for material modulus; 𝜷𝒕: for material 

thickness), adjusted R2, and F values for each model and impact location. p < 0.05 

indicates statistical significance. 

Dependent 

Variable 

 Front Right Side Back 

 Value p  Value p  Value p 

Acceleration 

Peak (g) 

𝛽𝑚 0.20 (.008) 0.20 (.006) 0.35 (.000) 

𝛽𝑡 -0.83 (.000a) -0.83 (.000) -0.80 (.000) 

𝑅2 0.74  0.76  0.77  

F 71.62 (.000) 77.85 (.000) 88.11 (.000) 

Acceleration 

duration (ms) 

𝛽𝑚 -0.17 (.012) -0.35 (.000) -0.22 (.000) 

𝛽𝑡 0.87 (.000) 0.81 (.000) 0.90 (.000) 

𝑅2 0.80  0.82  0.86  

F 97.50 (.000) 115.77 (.000) 161.23 (.000) 

Pressure 

peak (kPa) 

𝛽𝑚 0.04 (.669) -0.03 (.730) 0.34 (.000) 

𝛽𝑡 -0.79 (.000) -0.82 (.000) -0.85 (.000) 

𝑅2 0.61  0.66  0.86  

F 38.57 (.000) 49.44 (.000) 154.27 (.000) 

Pressure 

duration (ms) 

𝛽𝑚 -0.18 (.002) -0.20 (.000) -0.30 (.000) 

𝛽𝑡 0.90 (.000) 0.93 (.000) 0.89 (.000) 

𝑅2 0.85  0.93  0.89  

F 144.19 (.000) 352.31 (.000) 209.65 (.000) 
a. 0.000 indicates p < 0.001. 
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Table 5.4. Multiple linear regression results for the 19.5 cm drop height BIPED impact 

tests. Shown are the Standardized slope coefficient 𝜷𝒎: for material modulus; 𝜷𝒕: for 

material thickness), adjusted R2, and F values for each model and impact location. p < 

0.05 indicates statistical significance.   

Dependent 

Variable 

 Front Right Side Back 

 Value p  Value p  Value p 

Acceleration 

Peak (g) 

𝛽𝑚 -0.11 (0.283) -0.24 (0.059) -0.065 (0.616) 

𝛽𝑡 -0.74 (0.000a) -0.47 (0.000) -0.477 (0.001) 

𝑅2 0.54  0.25  0.20  

F 29.53 (0.000) 8.93 (0.001) 7.14 (0.002) 

Acceleration 

duration (ms) 

𝛽𝑚 0.012 (0.884) 0.07 (0.432) -0.04 (0.578) 

𝛽𝑡 0.834 (0.000) 0.80 (0.000) 0.88 (0.000) 

𝑅2 0.68  0.62  0.77  

F 53.61 (0.000) 40.34 (0.000) 83.06 (0.000) 

Pressure 

peak (kPa) 

𝛽𝑚 -0.11 (0.287) -0.23 (0.093) 0.09 (0.440) 

𝛽𝑡 -0.72 (0.000) -0.34 (0.014) -0.65 (0.000) 

𝑅2 0.50  0.13  0.41  

F 25.90 (0.000) 4.70 (0.014) 17.87 (0.000) 

Pressure 

duration (ms) 

𝛽𝑚 -0.08 (0.143) -0.10 (0.204) -0.139 (0.062) 

𝛽𝑡 0.93 (0.000) 0.84 (0.000) 0.857 (0.000) 

𝑅2 0.87  0.70  0.74  

F 158.62 (0.000) 55.64 (0.000) 70.13 (0.000) 
a.  0.000 indicates p < 0.001. 
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(a)  (b)  

(c)  (d)  

Figure 5.3. Peak and duration mean values for the acceleration (a & b) and pressure (c 

& d) in the BIPED front impacts from the 5 cm drop height. Shown are the values varying 

with the pad thickness for the BIPED with each material of scalp pads. “V20”, “V40”, 

“V50”, and “PMC” represent impacts with pad materials of Vytaflex20, Vytaflex40, 

Vytaflex50, and PMC746, respectively. 
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 (a)  (b)  

        (c)  (d)  

Figure 5.4. Peak and duration mean values for the acceleration (a & b) and coup pressure 

(c & d) in the 19.5 cm drop height BIPED front impacts. Shown are the values varying 

with the pad thickness for the BIPED with each material of scalp pads. “V20”, “V40”, 

“V50”, and “PMC” represent impacts with pad materials of Vytaflex20, Vytaflex40, 

Vytaflex50, and PMC746, respectively. 
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Table 5.5. Total CORA ratings of the BIPED accelerations from the 19.5 cm drop height 

for each impact location (Front, Side, and Back) and the average ratings (Ave.) across 

the three impact locations. The presented data are results for each scalp pad with varying 

thicknesses and materials.  

Thickness 

(mm) 
Material Front Side Back Ave. Material Front Side Back Ave. 

2 Vytflex20 0.67 0.74 0.61 0.67 Vytflex40 0.70 0.78 0.58 0.69 

4 Vytflex20 0.58 0.67 0.61 0.62 Vytflex40 0.67 0.74 0.57 0.66 

6 Vytflex20 0.49 0.52 0.56 0.52 Vytflex40 0.57 0.64 0.54 0.58 

8 Vytflex20 0.39 0.38 0.49 0.42 Vytflex40 0.48 0.45 0.53 0.49 

2 Vytflex50 0.67 0.78 0.60 0.68 PMC746 0.69 0.69 0.61 0.66 

4 Vytflex50 0.69 0.79 0.57 0.68 PMC746 0.53 0.64 0.56 0.58 

6 Vytflex50 0.54 0.66 0.55 0.58 PMC746 0.54 0.58 0.55 0.55 

8 Vytflex50 0.50 0.48 0.54 0.51 PMC746 0.47 0.47 0.51 0.48 
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(a) (b)  

(c)   (d)  

Figure 5.5. Mean acceleration and front pressure profiles for the BIPED frontal impacts 

from the 19.5 cm height: (a) accelerations for Vytaflex20 pads of different thicknesses in 

comparison with the mean cadaver acceleration from tests of the same impact velocity 

[133], (b) accelerations for 4 mm pads made with Vytaflex20 (V20), Vytaflex40 (V40), 

Vytaflex50 (V50), and PMC746 (PMC), and the cadaver acceleration [133], (c) front 

pressures for Vytaflex20 scalp pads, (d) front pressures for 4 mm of scalp pads made 

from the four materials. 

Acceleration and pressure profiles (Figure 5.5) also show that in this study the scalp 

pad thickness had a much stronger influence on the impact responses than the choice of pad 

material. Figure 5.5(a) depicts a comparison between the mean acceleration profiles across 

repeated tests with Vytaflex20 scalp pads of different thicknesses and average cadaveric data 

from impacts of the same velocity [133]. The results indicate that the biofidelity of a given 

material decreased with increasing scalp pad thickness. Figure 5.5(b) depicts a comparison 
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between the mean acceleration profiles for tests with 4 mm scalp pads made from different 

materials and cadaveric data. The plots suggest that the selected materials have a slight effect 

on biofidelity. Similarly, the coup pressure profiles exhibit variations with the pad thickness 

as the pulse durations increased with increased thickness (Figure 5.5(c)). However, in Figure 

5.5(d), only the pressure profile for Vytaflex20 shows a broader duration than the other profiles 

while the profiles for the other three materials are visually indistinguishable. There are no 

cadaveric studies on the pressure with a comparable loading scenario to evaluate the influence 

on biofidelity of the ICP response though.  

Acceleration CORA ratings also confirmed the considerable influence of the scalp pad 

thickness on acceleration biofidelity. Figure 5.6 presents CORA ratings plotted against scalp 

thickness and modulus. When keeping the pad material and impact location fixed, CORA 

ratings generally decreased with increased pad thickness (Figure 5.6(a)–(c)). In contrast, when 

keeping the pad thickness and impact location fixed there was generally no monotonic trend 

in the ratings across the materials (Figure 5.6(d)–(f)). These results agree with the 

aforementioned observations in Figure 5.5. As reported in Table 5.5, the ratings for the 2 mm 

of thickness across materials range from 0.67–0.70, 0.69–0.78, and 0.58–0.61, for the front, 

side, and back impact, respectively. When the thickness increased to 8 mm, the ratings dropped 

to 0.39–0.50, 0.38–0.48, and 0.49–0.54, for the three locations, respectively.  

Furthermore, data obtained using scalp pads made with Vytaflex40 and Vytaflex50 

resulted in similar average CORA ratings with an absolute difference of no more than 0.02 for 

the four thicknesses. These average ratings were greater than that of the other two materials by 

up to 0.1. Interestingly, for the Vytaflex40 and Vytaflex50 scalp pads, ratings for the thickness 

of 2 mm were close to for the 4 mm pad, with an average of 0.66–0.69 across three impact 
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locations. Overall, scalp pads made from Vytaflex40 and Vytaflex50 with thicknesses of 2 mm 

and 4 mm exhibited better biofidelity than the other scalp pads. 

 

Figure 5.6. CORA ratings of the BIPED accelerations from the 19.5 cm drop impacts. 

Shown are the ratings for each scalp pad plotted against the scalp thickness and modulus 

for the front (a & d), side (b & e), and back impact location (c & f).  

5.4 Discussion 

This study evaluated the influence of surrogate scalp modulus and thickness on head 

impact responses including acceleration and intraparenchymal pressure, using a surrogate 

head-brain model. The results indicated that scalp thickness had a major influence on the 

acceleration and pressure for all the impact scenarios, whereas the scalp modulus for the 
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materials selected in this study was only influential for the 5 cm drop height impacts. An 

optimal scalp pad thickness and material could be identified based on the influence.  

According to impact dynamics theory, impact responses are governed by the mass, 

stiffness, and damping of the system being impacted [181]. In particular, increasing the 

stiffness of a system increases the peak and decreases the duration of the impact response 

[181]. Based on classic elasticity theory, the stiffness of a pad increases with increased 

modulus and decreased thickness [182]. Therefore, the observed relationship between the 

impact response and the scalp modulus and thickness for the 5 cm drop height impacts agrees 

with the principles of impact dynamics. The thickness of the pads exhibited a significant 

influence on the impact responses of the headform since thickness determines the deformation 

potential of the pad and the amount of energy it can absorb. 

The scalp modulus did not affect the impact responses for the 19.5 cm drops. This may 

be explained by the nonlinearity and rate dependency of the scalp material properties. Figure 

5.7(a) and Figure 5.7(d) present the stress-strain and modulus-strain curves of the surrogate 

scalp materials chosen for this study. The modulus at each strain was calculated by inserting 

the strains into the first derivative with respect to the strain of the polynomial regression 

function of the stress-strain data. We chose the 4th order polynomial regression of the stress-

strain data because the mean squared error (MSE, MSE= 
1

𝑛
∑ (𝑌𝑖 − �̂�𝑖)

2 𝑛
𝑖 ) between the 

measured stress 𝑌𝑖 and model predicted stress �̂�𝑖 has negligible change after the 4th order for 

all the materials.  Figure 5.7(b) and Figure 5.7(c) display examples of the 4th order polynomial 

and the MSE versus the order of the polynomial regressions for stress-strain data of the 

Vytaflex50 sample. The modulus of the selected materials increases with strain (Figure 5.7(d)).  
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(a)  (b)  

(c)  (d)  

Figure 5.7. (a)The stress plotted against the strain for the pad material samples under the 

compression load at a strain rate of 0.013/s. (b) An example showing the 4th order 

polynomial regression model of the Vytaflex50 stress-strain data. (c) The MSE versus 

polynomial order for the Vytaflex50 stress-strain data. (d) The modulus plotted against 

the strain for the pad material samples. 

The mechanical behavior of rubber is also dependent on the strain rate [183]. Drops 

from the 19.5 cm height resulted in larger scalp deformations and a larger strain rate than the 

5 cm drops. The selected scalp materials may stiffen up to a similar effective stiffness during 

the 19.5 cm height drops due to the combined effect of the strain and strain rate. Furthermore, 

PMC746 may not experience similar strain and rate effects as the Vytaflex series. As seen in 

Figure 5.7(b), although PMC746 is the stiffest material at the initial strain, it becomes less stiff 
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than Vytaflex50 at a strain of 0.5. Thus, the modulus used for the MLR analysis may not be 

indicative of the effective stiffness for the high-height drops. Furthermore, while the selected 

materials had a large hardness range (Shore A 20 to 60), the modulus range was relatively 

small (1.87–5.57 MPa), as the tested materials were all urethane rubbers. 

The head linear acceleration results obtained in this study have some similarities as 

well as differences with previous studies. Dropping a magnesium headform covered with and 

without a porcine scalp onto a polyurethane rubber anvil at an impact velocity of 5 m/s, Trotta 

et al. found that adding a scalp reduced the peak linear acceleration by 17–26% and increased 

the impact duration by 11–17% [167]. This trend of change agrees with the present study for 

peak acceleration decreasing and duration increasing with increased pad thickness. The extent 

of the change is incomparable due to the different impact conditions between the two studies. 

Another previous study dropped a deformable skull and brain structure from a drop height of 

20 cm onto a padded steel anvil. Two different paddings were tested: the Hybrid III scalp and 

a stiffer rubber padding [168]. The peak acceleration (120 g) obtained for the stiffer rubber 

material was double that of the Hybrid III scalp (60 g) [168]. In the present study, the peak 

accelerations (53₋89 g) overlap with the aforementioned study for similar impact conditions, 

but the acceleration differences between pad materials for the same pad thickness were smaller 

(<30%) [168]. One possible reason for this discrepancy is that the stiffness difference between 

the Hybrid III scalp and the stiffer pad was greater than the stiffness difference between the 

pads in our study. Another reason may be that the thickness of the scalp pads in the reported 

study (12 mm) is greater than the scalp thicknesses in our study (2 to 8 mm).  

The influence of the scalp modulus on impact responses tends to decrease with reduced 

thickness. This is demonstrated in Figure 5.3(a) and Figure 5.4(a) where the maximal 
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difference of peak accelerations across materials is generally lower for lower scalp thicknesses. 

This phenomenon is likely because of the nonlinearity of the rubber scalp materials. Compared 

to thicker scalps, the thinner scalps would have a greater strain and a greater impact stiffness 

for the same loading force. Changing the scalp modulus may have less effect on the head 

impact stiffness for thinner scalp pads, thus the influence of scalp materials on head 

acceleration peaks is also lower for the thinner scalp.  

Trends in CORA ratings can be used to inform improvements in the biofidelity of the 

BIPED. The variation of CORA ratings with scalp material and thickness were similar for the 

front (Figure 5.6(a) and (d)) and side impacts (Figure 5.6(b) and (e)), but not for the back 

impact (Figure 5.6(c) and (f)). The data from back impacts exhibited an abnormal trend that 

may be caused by inconsistencies in positioning the BIPED skull on the gimbal. For back 

impacts, the BIPED tended to slide and sink, contributing to the uncertainty of drop heights. 

For the front and side impacts, the ratings decreased with the pad thickness but tended to 

plateau at lower thickness. Specifically, the ratings obtained for the Vytaflex40 and Vytaflex50 

plateaued at a thickness below 4 mm. This phenomenon indicates that scalp thickness has a 

negligible effect on the head responses when the scalp is substantially thin. This phenomenon 

can be attributed to the nonlinearity of the scalp pad as discussed in the previous paragraph.  

Based on the above considerations, selecting Vytaflex40 or Vytaflex50 at thicknesses 

between 2 and 4 mm may best improve the biofidelity of the current BIPED. The original 

BIPED scalp was made with Vytaflex20 with a nominal thickness of 6 mm. Decreasing the 

scalp thickness of the BIPED to 2–4 mm and changing the Vytaflex 20 to Vytaflex 40 or 

Vytaflex 50 can decrease the impact pulse durations by 18% on average and increase the 

CORA ratings by 30%. The improved CORA ratings (0.66–0.69) were approaching the 
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reported rating threshold (0.7) for a good biofidelity level. Given that Vytaflex 40 is more 

flexible for installing and removing the scalp and a thicker scalp is likely more durable, a 

favorable suggestion for modifying the BIPED scalp is using Vytaflex 40 and decreasing the 

thickness to 4 mm based on the outcomes of this study.  

This study has several primary limitations. The evaluated scalp surrogates were all 

made of urethane rubbers due to their durability and flexibility for use. For a more 

comprehensive study, other materials used to model the scalp such as silicone rubbers [19], 

should also be considered. The mechanical properties of viscoelastic rubbers are dependent on 

strain magnitude and rate [183]. Consequently, the modulus used in the MLR may not be an 

accurate representation of the material properties at impact. Nevertheless, the modulus 

measured under uniform conditions provides a relative comparison of the selected materials. 

Another limitation is that impact heights in this study were not as high as that might cause head 

injuries. A study of free-fall dropping cadaver heads onto a rigid plate reported skull fractures 

for the drop height of 33 cm [184]. The heights in our study allowed a comparison with a 

previous cadaver study while guaranteeing the integrity of the head for future use. Comparing 

the results for the two drop heights used in our study, the magnitudes of the standardized beta 

coefficients decreased with increasing height, whereas the signs of the significant beta 

coefficients were the same. Thus, the influence of the scalp for higher drops would be expected 

to be similar but less significant compared to results in the present study. Moreover, we used 

scalp pads instead of whole scalps and added a mass to compensate for the scalp mass. The 

added mass would possibly affect the realism of the moment of inertia and the kinematic 

responses, but the resulted discrepancy would likely not affect the relative comparison between 

scalp pads. Additionally, the linear accelerations in the current study were obtained from the 
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impact force, which may be slightly different from the accelerations at the head’s center of 

mass, due to the non-rigidity of the headform. However, the accelerations obtained from the 

force allow for relative comparisons of the scalp pads’ influence with the intention of achieving 

biofidelic responses. Lastly, our findings are based on impact tests with the specific BIPED 

skull and brain. As described earlier, head stiffness is a crucial factor in head impact responses 

and depends predominantly on the stiffness of the skull and scalp. The BIPED used in this 

study had skull modulus and thickness similar to those of cadaver heads. Our results can 

therefore be applied to the scalp selection for skull surrogates that have similar stiffness as the 

BIPED or the human skull.  

5.5 Conclusion 

This study evaluated the effect of the surrogate scalp material and thickness on the 

impact responses of a head-brain model to improve its biofidelity. Based on the selected 

materials and thicknesses, the results suggested that the scalp thickness had a major influence 

while the modulus showed a minor to insignificant effect. Furthermore, it was found that 

decreasing the scalp thickness of the BIPED to 2–4 mm and changing the Vytaflex 20 to 

Vytaflex 40 or Vytaflex 50 can increase the kinematic CORA ratings by 30% to approach the 

threshold for good biofidelity. With further improvement, the BIPED may be a powerful tool 

to extend the understanding of head injury mechanisms and to improve the assessment method 

of protective headgear. The study also has important implications for selecting appropriate 

surrogate scalps in the future design of physical and numerical head models. 
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Chapter 6  Conclusions and Future Work 

This chapter summarizes the key findings in relation to the research aims and discusses 

the value and contributions of this research. It also suggests future work worthy of 

investigation.  

6.1 Conclusions  

This thesis aimed to characterize the impact responses and refine the design of the 

BIPED head model to contribute to the development of a biofidelic and repeatable headform 

capable of replicating both global head kinematics and ICP in blunt impact. Headforms are 

crucial tools used in the research of head injury mechanisms and for the assessment of head 

protective gear. Today’s commercially available headforms are limited to replicating only head 

kinematics or mechanics measurable on the outer surface of the skull. Intracranial responses 

are closely related to TBIs, but there is a lack of validated headforms containing intracranial 

simulants to realistically replicate intracranial mechanics. This thesis provided insights into the 

characteristics of the impact responses and design factors of the BIPED which has intracranial 

simulants. This thesis also provided a refining method that can improve the kinematic 

biofidelity of the BIPED to approach a good level for blunt impact. The thesis consists of three 

studies which are summarized below.  

(1) Characterization of the Kinematic Biofidelity and Inter-test Repeatability of 

Acceleration and Intraparenchymal Pressure of the BIPED 

This study presented in Chapter 3 evaluated the acceleration biofidelity and repeatability 

of the acceleration and IPP from drop experiments. The CORA ratings of the acceleration time 



Page | 137  

 

histories for the BIPED were slightly lower than for the Hybrid III head. The repeatability of 

acceleration and IPP was acceptable with COVs below the acceptable threshold of 10%. A 

major limitation of the BIPED was that its acceleration pulse durations were approximately 

50% longer than those from cadaveric data. Based on the analysis of head impact stiffness, the 

study suggested that the longer pulse durations of the BIPED can be associated with its lower 

stiffness. This study was an important step in understanding the response characteristics and 

associated design factors of a comprehensive headform. The results have implications for 

further refinements of the skull or scalp structure toward a biofidelic and repeatable headform. 

This study is also the first that rigorously validated the biofidelity and repeatability considering 

multiple features of head kinematics including peaks, durations, and time histories, which can 

be a reference for the future validation of human surrogates.  

(2) Characterization of the ICP Biofidelity and Kinematic and ICP Inter-test 

Repeatability of the BIPED 

The study presented in Chapter 4 conducted pendulum impacts on the BIPED, aiming 

to further characterize its ICP biofidelity as well as the repeatability of measurements including 

linear accelerations and angular rates along three axes, IPP, and CSFP. The front ICP peaks 

were within the range of cadaveric data. CORA ratings of the front CSFP time histories (0.68–

0.72) demonstrated good biofidelity. Moreover, the front and back CSFP versus linear 

accelerations had similar linear trends to cadaveric data. However, the side CSFP peaks were 

28.7–92.1% greater than cadaveric data, which warrants further investigation. The kinematics 

and ICP demonstrated acceptable repeatability with COVs generally being less than 10%. 

Considering the similarities of the coup ICP to the cadaveric data, the BIPED can be considered 

acceptable for the study of coup pressure in frontal impacts. This study demonstrated the great 
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potential of using the BIPED in blunt impact considering its repeatability and its promise in 

ICP biofidelity. The findings also inform the future work of refining the intracranial 

components to improve the ICP biofidelity. 

(3) Improving the BIPED Biofidelity by Refining the Surrogate Scalp 

Since one of the major limitations of the BIPED was related to its long acceleration 

pulse durations, the refinement of the BIPED focused on increasing the scalp stiffness to reduce 

the pulse durations and improve the overall biofidelity. The study verified that the surrogate 

scalp significantly affects impact responses. While the selected materials exhibited a relatively 

minor effect on head acceleration and IPP responses, scalp thickness was shown to have a 

major effect. This study identified a refinement method of the BIPED scalp that can increase 

the overall biofidelity ratings (0.66–0.69) of the accelerations by 30% to approach the good 

biofidelity threshold (0.7). This refinement can also improve the ICP biofidelity as the scalp 

has a similar effect on ICP durations.  

Overall, this thesis work characterized both the kinematics and ICP responses of a 

physical head-brain model and provided a refining method to effectively improve its 

biofidelity. With ongoing improvement, this head model can be a valuable tool for head injury 

research and safety gear assessment by extending the traditional methods of measuring only 

kinematics to both kinematics and intracranial mechanics. Testing with this new tool may shed 

new light on understanding head injuries and advance the assessment method of safety gear. 

Furthermore, this thesis provided insight into the characterization method of headforms, 

highlighting the need for considering time histories rather than pure peaks. Finally, the thesis 
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found the statistically significant influence of the scalp on head impact responses, which can 

inform the future development of physical and numerical head models.  

6.2 Future work  

The research presented in this thesis is a crucial step toward a biofidelic and repeatable 

comprehensive headform for use in head injury research and safety gear assessment. Further 

work that can be done as a continuation of the present work is listed as follows: 

(1) The design factors on the intracranial responses require further studies to improve the 

BIPED ICP biofidelity. While the BIPED front ICP peaks were close to cadaveric data, the 

BIPED side ICP peaks were greater. This study has discussed the possible causes of this 

phenomenon, but further work is required to identify the causes and explore modifications to 

improve the ICP biofidelity without reducing the kinematic biofidelity. 

(2) The biofidelity and repeatability of the BIPED in other impact scenarios can be further 

studied. The characterization of the BIPED biofidelity was limited to two typical impact 

paradigms (i.e., the drop and the pendulum impacts), and the impacts were limited to typical 

impact angles and locations for each paradigm. It should be noted that head impact responses 

vary with the impact angles, locations on the head, and head positions in different impact 

paradigms. Therefore, the results found in one impact scenario may not be valid for other 

scenarios. Particularly, we only evaluated translational impacts on the forehead of the BIPED 

for the characterization of the ICP biofidelity due to the lack of cadaveric data. Thus, whether 

the ICP would be biofidelic for side translational impacts or drop impacts is unknown. Future 

work can characterize the biofidelity of the BIPED for impact scenarios beyond this thesis if 

cadaveric data are available for comparison.  
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(3) Whether refining skull materials can improve the biofidelity of the BIPED could be studied. 

This study found that the effect of the scalp on the BIPED biofidelity is limited when the scalp 

thickness is as low as 2 mm. Since the BIPED skull modulus and thickness belong to the low 

region in the range of reported cadaver skull data, further work to refine the skull may improve 

the biofidelity to replicate human responses more accurately. 

(4) Future studies should evaluate the potential capability of using the BIPED in helmet tests. 

The headform can be a valuable tool in the design and assessment of safety devices. Headforms 

measuring ICP in addition to the kinematics measured by traditional headforms may advance 

the method of assessing helmets’ protective performance against TBIs. Thus, future work 

could evaluate the repeatability of the BIPED when donned with a helmet and explore 

advancing the helmet assessment with this new testing equipment once validated.  
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Appendix  

Table A 1 Average (Ave.), standard deviation (Std.), and COV of the measurement peaks 

including the linear accelerations and angular rates in XYZ directions, and CSFP and 

IPP at the front, side, and back of the head. F., S., and B. represent ICP measured at the 

front, right side, and back. X Acc. and X AnR. means the linear acceleration and angular 

rate on X-axis. Tabulated were measurements from the impactor surface of VN600 for 

each impact velocity V. 

V  
Ave. 
(Std.) 
(m/s) 

 
X  

Acc. 
(g) 

Y  
Acc. 
(g) 

Z  
Acc. 
(g) 

X 

AnR. 

(rad/s) 

Y 
AnR. 

(rad/s) 

Z 
AnR. 

(rad/s) 

F. 
CSFP 
(kPa) 

S. 
CSFP 
(kPa) 

B. 
CSFP 
Max 
(kPa) 

B. 
CSFP 
Min 

(kPa) 

F. 
IPP 

(kPa) 

S. 
IPP 

(kPa) 

B. 
IPP 
Max 
(kPa) 

B. 
IPP 
Min 

(kPa) 

0.52 

(0.01) 

Ave. -1.8 -0.1 0.7 0.0 1.0 0.0 4.8 3.0 1.6 -0.1 3.9 3.0 2.5 -0.2 

Std. 0.1 0.3 0.1 0.4 0.0 0.3 0.3 0.2 0.1 0.0 0.3 0.2 0.1 0.0 

COV 6.9% 217.2% 10.3% 9657.5% 4.1% 4119.5% 7.2% 5.7% 9.1% 60.3% 8.2% 5.9% 2.8% 16.2% 

0.99 

(0.03) 

Ave. -4.0 -0.4 0.6 -0.2 1.4 0.2 9.7 6.0 2.9 -0.3 7.8 6.0 4.5 -0.1 

Std. 0.1 0.1 1.2 0.3 0.1 0.4 0.2 0.1 0.1 0.0 0.2 0.1 0.1 0.0 

COV 1.3% 14.8% 208.7% 181.3% 6.8% 189.2% 1.8% 2.0% 4.5% 11.1% 2.2% 1.6% 1.8% 13.5% 

2.04 

(0.04) 

Ave. -22.3 -3.2 -10.3 0.9 2.7 1.2 38.2 25.6 8.7 -2.4 28.5 22.4 14.0 -0.4 

Std. 0.3 0.2 0.2 0.1 0.1 0.1 0.3 0.2 0.5 0.5 0.3 0.2 0.1 0.1 

COV 1.5% 4.9% 2.1% 9.4% 5.3% 4.6% 0.9% 0.7% 5.6% 20.1% 1.0% 0.7% 0.7% 18.6% 

3.09 

(0.10) 

Ave. -36.4 10.3 17.7 1.3 4.5 1.7 58.6 41.1 17.6 -4.6 43.5 34.1 21.5 -0.9 

Std. 0.5 0.6 0.2 0.2 0.1 0.2 0.5 0.7 1.3 0.6 0.4 0.6 0.6 0.0 

COV 1.3% 5.6% 1.4% 14.4% 2.1% 11.6% 0.8% 1.8% 7.2% 12.2% 0.9% 1.7% 3.0% 5.1% 

4.05 

(0.11) 

Ave. -49.2 13.3 26.1 1.4 6.7 1.7 78.0 54.6 23.2 -8.2 58.0 44.4 28.3 -1.5 

Std. 0.7 1.3 0.9 0.0 0.1 0.1 0.3 0.5 1.6 1.3 0.1 0.4 0.7 0.0 

COV 1.5% 9.8% 3.3% 3.4% 1.4% 6.6% 0.4% 0.9% 6.9% 15.6% 0.1% 1.0% 2.5% 2.9% 

4.98 

(0.07) 

Ave. -57.6 19.2 33.4 1.5 7.2 2.0 97.8 65.9 27.2 -11.9 71.6 53.1 36.6 -2.3 

Std. 0.6 1.4 0.7 0.1 0.0 0.0 0.5 0.6 0.3 1.0 0.4 0.4 0.3 0.1 

COV 1.1% 7.4% 2.1% 8.2% 0.1% 1.1% 0.5% 0.9% 1.1% 8.6% 0.6% 0.8% 0.7% 5.8% 

 

 

 



Page | 157  

 

Table A 2 Average (Ave.), standard deviation (Std.), and COV of the measurement peaks 

including the linear accelerations and angular rates in XYZ directions, and CSFP and 

IPP at the front, side, and back of the head. F., S., and B. represent ICP measured at the 

front, right side, and back. X Acc. and X AnR. means the linear acceleration and angular 

rate on X axis. Tabulated were measurements from the impactor surface of steel for each 

impact velocity V. 

V  
Ave. 
(Std.) 
(m/s) 

 
X  

Acc. 
(g) 

Y  
Acc. 
(g) 

Z 
Acc. 
(g) 

X 

AnR. 

(rad/s) 

Y 
AnR. 

(rad/s) 

Z 
AnR. 

(rad/s) 

F. 
CSFP 
(kPa) 

S. 
CSFP 
(kPa) 

B. 
CSFP 
Max 
(kPa) 

B. 
CSFP 
Min 

(kPa) 

F. 
IPP 

(kPa) 

S. 
IPP 

(kPa) 

B. 
IPP 
Max 
(kPa) 

B. 
IPP 
Min 

(kPa) 

0.52 

(0.02) 

Ave. -5.3 -1.2 -6.1 0.2 1.5 0.0 10.5 6.1 1.6 -0.8 7.6 5.6 3.2 -0.2 

Std. 0.3 0.2 0.5 0.3 0.1 0.4 0.7 0.4 0.2 0.1 0.4 0.3 0.2 0.0 

COV 6.2% 14.6% 8.1% 183.7% 7.5% 11896.3% 6.2% 5.8% 10.5% 15.7% 5.2% 5.7% 7.2% 11.7% 

0.98 

(0.04) 

Ave. -15.0 8.9 -16.2 0.6 2.7 0.0 25.4 16.0 6.2 -1.6 16.8 13.6 9.3 -0.6 

Std. 0.2 14.4 0.2 0.1 0.1 0.5 0.3 0.3 0.4 0.1 0.2 0.2 0.2 0.0 

COV 1.2% 162.1% 1.2% 12.3% 4.5% 1231.6% 1.2% 1.7% 6.6% 8.0% 1.0% 1.4% 1.8% 8.0% 

1.55 

(0.05) 

Ave. -57.1 -14.5 50.0 0.9 5.8 0.1 78.8 74.9 22.2 -9.7 47.0 54.6 27.4 -2.6 

Std. 0.3 0.7 0.3 0.0 0.2 1.6 0.3 0.4 0.7 0.5 0.2 0.3 0.2 0.1 

COV 0.6% 4.6% 0.7% 4.5% 3.0% 2817.9% 0.3% 0.5% 3.1% 5.3% 0.4% 0.6% 0.7% 2.0% 

2.03 

(0.09) 

Ave. -75.9 -8.0 84.6 1.3 7.3 -1.0 119.4 105.0 31.0 -16.9 68.0 77.7 38.9 -4.5 

Std. 1.2 22.9 0.7 0.1 0.0 1.7 0.9 1.1 3.2 1.9 0.4 0.9 0.3 0.1 

COV 1.6% 284.5% 0.9% 8.4% 0.3% 173.1% 0.8% 1.1% 10.4% 11.4% 0.6% 1.2% 0.7% 1.6% 

2.51 

(0.04) 

Ave. -111.7 31.0 128.6 1.8 7.4 3.7 174.2 146.5 34.7 -22.6 95.8 107.4 45.6 -6.3 

Std. 0.74 11.3 0.3 0.2 0.0 0.1 0.4 1.0 3.0 2.2 0.3 0.5 0.3 0.0 

COV 0.7% 36.4% 0.2% 8.8% 0.2% 1.9% 0.2% 0.7% 8.6% 9.9% 0.3% 0.5% 0.6% 0.4% 

3.10 

(0.07) 

Ave. -146.7 -36.9 173.0 2.0 7.5 4.3 221.0 182.2 38.0 -29.5 119.4 132.9 54.1 -7.9 

Std. 1.0 1.1 0.7 0.1 0.0 0.1 1.2 1.6 2.5 1.9 0.6 0.6 0.3 0.2 

COV 0.7% 3.0% 0.4% 4.1% 0.5% 2.3% 0.6% 0.9% 6.6% 6.4% 0.5% 0.5% 0.5% 2.2% 
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Table A 3 Average peaks and durations with standard deviations for the acceleration 

(i.e., Acc. & Acc. d) and coup pressure (i.e., CP & CP d) measurements for impacts at the 

front, right side, and back with each scalp pad. 

Pad 
Material 

Impact 
Location 

Thickness 

(mm) 

5cm impact 19.5 cm impact 

Acc. 

(g) 

Acc. d 

(ms) 

CP 

(kPa) 

CP d 

(ms) 

Acc. 

(g) 

Acc. d 

(ms) 

CP 

(kPa) 

CP d 

(ms) 

Vytaflex20 

Front 

2 
51.3 
(0.0) 

6.0 
(0.1) 

53.3 
(0.6) 

4.2 
(0.1) 

104.0 
(4.3) 

4.9 
(0.1) 

118.4 
(4.0) 

3.7 
(0.0) 

4 
47.2 
(1.7) 

7.5 
(0.2) 

52.5 
(2.0) 

4.7 
(0.1) 

97.5 
(4.4) 

5.8 
(0.1) 

102.0 
(2.7) 

4.2 
(0.1) 

6 
41.3 
(0.2) 

9.1 
(0.4) 

44.9 
(1.6) 

5.7 
(0.1) 

97.2 
(3.2) 

6.6 
(0.3) 

101.7 
(5.7) 

4.5 
(0.1) 

8 
39.4 
(1.2) 

11.1 
(0.3) 

41.1 
(0.9) 

6.2 
(0.1) 

88.5 
(0.3) 

8.4 
(0.0) 

93.9 
(1.6) 

4.9 
(0.0) 

Right 
Side 

2 
38.4 
(0.9) 

5.5 
(0.7) 

43.1 
(1.5) 

3.9 
(0.0) 

76.6 
(6.4) 

5.5 
(0.1) 

85.0 
(8.8) 

3.4 
(0.1) 

4 
34.0 
(1.7) 

7.7 
(0.6) 

35.5 
(2.1) 

4.8 
(0.0) 

82.5 
(4.9) 

6.0 
(0.5) 

86.5 
(1.0) 

3.6 
(0.0) 

6 
29.9 
(1.1) 

10.7 
(0.3) 

33.8 
(2.0) 

5.5 
(0.1) 

78.5 
(5.3) 

6.5 
(0.1) 

88.8 
(4.5) 

3.9 
(0.0) 

8 
26.9 
(0.8) 

10.8 
(1.0) 

33.7 
(1.6) 

6.0 
(0.1) 

59.3 
(1.2) 

8.8 
(0.3) 

72.4 
(3.4) 

4.9 
(0.0) 

Back 

2 
36.3 
(1.6) 

5.9 
(0.0) 

42.2 
(1.5) 

4.2 
(0.2) 

76.7 
(5.1) 

5.8 
(0.0) 

86.8 
(11.0) 

4.2 
(0.3) 

4 
32.5 
(0.7) 

7.8 
(0.4) 

35.4 
(1.6) 

5.1 
(0.0) 

79.6 
(0.1) 

6.1 
(0.2) 

92.0 
(1.2) 

4.1 
(0.1) 

6 
30.6 
(0.7) 

9.0 
(0.2) 

32.9 
(0.7) 

5.7 
(0.1) 

77.0 
(3.5) 

7.0 
(0.3) 

85.1 
(3.5) 

4.4 
(0.1) 

8 
28.6 
(1.2) 

11.5 
(0.9) 

30.8 
(1.9) 

6.5 
(0.2) 

75.6 
(2.0) 

8.0 
(0.2) 

81.6 
(1.1) 

4.9 
(0.1) 

Vytaflex40 

Front 

2 
51.2 
(0.7) 

5.7 
(0.3) 

53.6 
(1.6) 

4.2 
(0.1) 

104.6 
(6.9) 

5.1 
(0.1) 

110.3 
(8.8) 

3.9 
(0.1) 

4 
47.8 
(1.0) 

6.3 
(0.0) 

51.7 
(2.3) 

4.6 
(0.1) 

104.0 
(2.5) 

5.3 
(0.1) 

108.1 
(2.1) 

4.0 
(0.0) 

6 
45.8 
(0.8) 

8.8 
(1.0) 

48.0 
(2.2) 

5.2 
(0.0) 

100.5 
(1.3) 

5.7 
(0.0) 

102.5 
(4.2) 

4.3 
(0.1) 

8 
42.0 
(1.7) 

8.9 
(0.4) 

43.0 
(2.5) 

5.8 
(0.2) 

94.7 
(2.5) 

7.7 
(0.4) 

101.5 
(3.6) 

4.6 
(0.1) 

Right 
Side 

2 
39.5 
(1.7) 

5.3 
(0.4) 

44.7 
(1.2) 

3.9 
(0.0) 

82.3 
(3.4) 

5.4 
(0.3) 

97.2 
(3.6) 

3.4 
(0.0) 

4 
34.6 
(2.8) 

5.8 
(0.3) 

34.9 
(4.0) 

4.3 
(0.0) 

89.2 
(3.7) 

5.4 
(0.7) 

95.5 
(4.0) 

3.4 
(0.0) 

6 
33.4 
(0.6) 

8.2 
(0.7) 

35.1 
(1.0) 

4.9 
(0.1) 

82.0 
(1.6) 

6.0 
(0.2) 

93.1 
(2.4) 

3.7 
(0.1) 
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8 
30.7 
(0.9) 

9.9 
(0.6) 

33.6 
(0.3) 

5.6 
(0.0) 

72.2 
(6.3) 

7.5 
(0.5) 

89.2 
(8.5) 

4.2 
(0.1) 

Back 

2 
37.5 
(1.1) 

5.9 
(0.3) 

45.1 
(0.6) 

4.2 
(0.1) 

75.3 
(4.2) 

6.0 
(0.1) 

94.0 
(4.1) 

4.0 
(0.1) 

4 
36.7 
(1.6) 

6.0 
(0.1) 

41.7 
(0.8) 

4.4 
(0.2) 

73.3 
(3.5) 

6.2 
(0.5) 

98.4 
(3.9) 

4.2 
(0.1) 

6 
33.2 
(1.4) 

8.8 
(0.2) 

35.3 
(1.8) 

5.1 
(0.2) 

67.1 
(4.1) 

7.2 
(0.4) 

83.3 
(5.8) 

4.5 
(0.2) 

8 
31.1 
(0.5) 

9.3 
(0.5) 

32.6 
(0.4) 

5.8 
(0.1) 

72.4 
(2.0) 

7.7 
(0.6) 

85.4 
(4.0) 

4.8 
(0.2) 

 

 

 

 

 

 

 

 

 

Vytaflex50 

Front 

2 
50.5 
(4.4) 

5.7 
(0.5) 

52.1 
(5.8) 

4.2 
(0.2) 

101.6 
(5.5) 

5.1 
(0.2) 

106.2 
(2.9) 

3.9 
(0.2) 

4 
49.5 
(0.8) 

6.5 
(0.3) 

51.6 
(0.6) 

4.5 
(0.1) 

100.4 
(2.0) 

5.2 
(0.1) 

108.0 
(5.3) 

4.0 
(0.0) 

6 
47.2 
(2.1) 

7.4 
(0.3) 

51.0 
(3.3) 

4.9 
(0.1) 

97.3 
(5.2) 

5.9 
(0.5) 

102.8 
(2.4) 

4.3 
(0.2) 

8 
43.9 
(0.8) 

8.8 
(0.3) 

45.8 
(1.5) 

5.3 
(0.2) 

93.0 
(0.8) 

6.5 
(0.2) 

96.3 
(0.4) 

4.6 
(0.1) 

Right 
Side 

2 
38.9 
(0.8) 

5.2 
(0.4) 

45.1 
(1.6) 

3.9 
(0.1) 

80.3 
(6.6) 

5.1 
(0.8) 

95.8 
(7.2) 

3.4 
(0.1) 

4 
35.7 
(1.6) 

6.3 
(1.2) 

36.8 
(3.2) 

4.2 
(0.1) 

84.9 
(7.7) 

5.6 
(0.5) 

92.1 
(9.1) 

3.4 
(0.1) 

6 
35.2 
(2.3) 

6.5 
(0.2) 

33.9 
(2.2) 

4.7 
(0.1) 

77.5 
(0.6) 

6.1 
(0.2) 

88.9 
(0.7) 

3.6 
(0.0) 

8 
30.1 
(0.5) 

9.4 
(0.2) 

31.4 
(1.7) 

5.5 
(0.0) 

72.4 
(5.9) 

7.1 
(0.3) 

86.4 
(6.8) 

4.0 
(0.2) 

Back 

2 
36.5 
(1.2) 

5.7 
(0.1) 

44.0 
(2.0) 

4.2 
(0.1) 

81.8 
(2.2) 

5.7 
(0.1) 

95.9 
(1.5) 

3.9 
(0.0) 

4 
34.8 
(0.4) 

6.6 
(0.1) 

39.8 
(1.2) 

4.4 
(0.1) 

77.3 
(1.1) 

5.7 
(0.2) 

96.3 
(3.2) 

4.0 
(0.0) 

6 
34.0 
(0.4) 

7.8 
(0.2) 

37.4 
(0.5) 

4.9 
(0.0) 

76.0 
(1.3) 

6.5 
(0.3) 

90.7 
(0.7) 

4.3 
(0.0) 

8 
32.8 
(0.4) 

9.1 
(0.0) 

35.2 
(0.9) 

5.5 
(0.1) 

74.6 
(3.7) 

7.3 
(0.1) 

83.7 
(3.7) 

4.6 
(0.1) 

PMC746 

Front 

2 
49.7 
(1.5) 

6.4 
(0.4) 

52.0 
(3.3) 

4.2 
(0.2) 

101.6 
(1.8) 

5.1 
(0.1) 

105.1 
(0.9) 

3.9 
(0.1) 

4 
49.1 
(1.1) 

6.9 
(0.6) 

49.5 
(1.1) 

4.7 
(0.1) 

98.5 
(2.3) 

6.6 
(0.2) 

107.2 
(2.5) 

4.0 
(0.1) 

6 
45.4 
(1.5) 

8.4 
(0.5) 

47.6 
(1.3) 

5.2 
(0.2) 

94.5 
(3.7) 

7.1 
(0.5) 

101.7 
(5.7) 

4.4 
(0.1) 

8 
42.1 
(1.1) 

9.4 
(0.6) 

43.5 
(1.8) 

5.8 
(0.1) 

88.1 
(2.3) 

7.5 
(0.2) 

95.2 
(3.3) 

4.8 
(0.2) 

Right 
Side 

2 
38.1 
(0.7) 

5.4 
(0.2) 

44.2 
(1.4) 

3.9 
(0.1) 

72.1 
(5.2) 

5.8 
(0.5) 

83.8 
(6.2) 

3.4 
(0.0) 

4 
34.8 
(2.3) 

5.8 
(0.3) 

36.5 
(3.3) 

4.5 
(0.2) 

68.2 
(0.3) 

6.6 
(0.1) 

71.6 
(1.4) 

3.6 
(0.0) 

6 
34.6 
(4.4) 

7.2 
(0.2) 

35.7 
(2.6) 

4.9 
(0.1) 

70.6 
(5.0) 

6.7 
(0.2) 

79.7 
(7.7) 

3.9 
(0.2) 
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8 
29.5 
(3.9) 

8.5 
(1.1) 

30.5 
(4.9) 

5.6 
(0.2) 

62.4 
(4.0) 

8.8 
(0.4) 

73.0 
(7.5) 

4.4 
(0.1) 

Back 

2 
37.1 
(1.3) 

5.7 
(0.1) 

43.8 
(2.3) 

4.2 
(0.0) 

79.0 
(4.5) 

6.0 
(0.2) 

93.3 
(6.6) 

3.9 
(0.1) 

4 
35.1 
(0.6) 

7.0 
(0.4) 

41.1 
(0.6) 

4.5 
(0.2) 

79.0 
(0.6) 

5.8 
(0.1) 

93.9 
(3.5) 

4.0 
(0.0) 

6 
34.3 
(0.6) 

8.4 
(0.6) 

38.2 
(0.7) 

5.0 
(0.1) 

74.5 
(6.6) 

7.1 
(0.2) 

83.7 
(3.0) 

4.4 
(0.0) 

8 
32.2 
(0.3) 

9.2 
(0.3) 

36.2 
(0.8) 

5.6 
(0.1) 

68.2 
(3.1) 

8.1 
(0.3) 

79.6 
(4.3) 

4.9 
(0.1) 

 

 

 


