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An understanding of the mechanical responses of the head and helmet is important to 
minimise adverse effects of helmet motion on health and comfort. Little is known of the 
interaction between head and helmet when running or jumping and during exposure.to 
whole-body vibration. This study was conducted to investigate the frequency, magnitude 
and dominant directions of motion occurring at the head and helmet under these 
conditions and to gain an understanding of the mechanical relationship between head and 
helmet based upon their modal characteristics. 

Three experiments were conducted to measure the frequency response of the 
head and helmet whilst running, jumping and during exposure to whole-body vibration. The 
experiments showed that both translational and rotational motion of the head and helmet 
can occur whilst running or jumping and when exposed to whole-body vibration, with the 
dominant motion occurring in the mid-sagittal plane. When running and jumping the 
greatest amount of motion, in all directions of motion, occurred at the excitation frequency. 
In these conditions the head and helmet moved together in the vertical direction at the 
excitation frequencies. In the fore-aft direction relative motion was observed between head 
and helmet at the excitation frequencies when running and jumping. 

The effect of helmet mass and distribution of mass on the helmet was investigated 
during exposure to whole-body vibration. The study showed that at frequencies between 3 
and 5 Hz motion of the head was reduced when a helmet was placed on the head. This 
occurred in all directions of motion in the mid-sagittal plane. Seat-to-head 
transmissibilities, in all directions, decreased further as helmet mass increased. The seat-
to-head transmissibility was also influenced by the distribution of mass on the helmet. 
Seat-to-head fore-aft and vertical transmissibilities decreased as additional helmet mass 
was moved lower and further forward on the helmet. 

An experimental modal analysis identified three modes of vibration of the neck-
head system and four modes of vibration of the neck-head-helmet system. A finite element 
lumped parameter model of the neck-head-helmet system was also developed and 
predicted the four dominant mode shapes that were obtained in the experimental modal 
analysis. 

The variability in seat-to-head and seat-to-helmet transmissibilities was thought to 
be attributable to resonance behaviour of the system. The extra mode of vibration obtained 
in the neck-head-helmet system was a pitch mode of the helmet on the head. Its natural 
frequency was controlled by helmet mass and the stiffness of the skin coupling at the fore-
head. This implies that this mode was an independent mode of the helmet on the head. 
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CHAPTER 1 INTRODUCTION 

Helmets are worn by a varied cross-section of the community as they go about their daily 

lives. The helmeted schoolboy on his pedal cycle, the racing driver and the motorcyclist 

are common everyday sights. 

In the future, technological developments may increase the use of helmet-mounted 

displays and other helmet attachments. The performance of a helmet-mounted visual 

display is limited by the relative motion between head and helmet (Wells and Griffin, 

1984). The need for extra attachments to the helmet will invariably increase the helmet 

mass which could increase the relative motion between head and helmet (Woodman, 

1995a). 

In the battlefield, combat helmets are worn for long periods of time in a variety of 

dynamic situations. These include walking, running, jumping and riding in vehicles. It 

would be desirable to learn more about the relative motion between head and helmet, 

how the helmet moves on the head and how head motion is affected by the presence of 

a helmet under dynamic conditions. This would enable the helmet designer to develop a 

helmet with additional life support aids and an effective head-up display without causing 

discomfort to the user due to additional helmet mass or excessive relative motion 

between head and helmet. Understanding the dynamic response of the human head and 

helmet system will also help in avoiding spinal injuries by providing helmet designers 

with the necessary information to design a helmet which is optimised to provide the 

minimum amount of relative motion with an appropriate amount of mass. 

There have been some studies investigating the mechanical response of the human 

neck and head but very few investigating the change in response due to a helmet or the 

interaction between head and helmet. This research was conducted to understand the 

dynamics and interaction of the head and helmet system. 

The objectives of this study were to gain an understanding of the dynamic response of 

the head-helmet system. This has involved quantifying how the head and helmet move 

when running, jumping and while exposed to whole-body vibration. Particular attention 

has been applied to understanding the frequency, magnitude and direction of motion. It 



was also considered necessary to investigate the modal response of the head-helmet 

system and the effect of helmet mass and other variables upon the natural modes of 

vibration of the system. The final objective was to produce a mathematical model of the 

head-helmet system, partly as a qualitative guide to understanding, but with the ultimate 

aim that such a model could be an aid for helmet designers, allowing optimisation of 

helmet design without undue effects upon the wearer. 

This thesis is divided into seven chapters. Chapter 2 presents a review of the literature 

on measurement and modelling of human vibration and particularly the head and helmet 

system to summarise current known information. Chapters 3 and 4 contain experimental 

work conducted to determine the response of the head and helmet whilst running and 

jumping respectively. The experiment in Chapter 5 investigated the response of the head 

and helmet while exposed to whole-body vibration. An experimental modal analysis was 

carried out on some of the measured data to determine the mode shapes and 

frequencies of the head-helmet system. The effect of helmet mass and distribution of 

mass on the helmet was also investigated. In Chapter 6 a model of the neck-head-

helmet system was developed and compared the natural frequencies and the vibration 

mode shapes of the model with the measurements. Chapter 7 describes the general 

conclusions and recommendations. 



CHAPTER 2 LITERATURE REVIEW 

2 . f /A/TROOL/Cr/OA/ 

The literature review is divided into five main areas of study. The first is a review of 

studies which have investigated the relationship between helmet design and head and 

helmet motion. It reviews research into the interface between head and helmet that 

occurs at the scalp and the corresponding effect on motion of the head and helmet. The 

effect of helmet mass and moment of inertia on the head/helmet interaction is also 

reviewed. The second area of study identifies and explains techniques for the 

measurement and analysis of human vibration. The third section reviews previous work 

which has investigated motion of the neck, head or helmet to provide an insight into the 

known dynamics of the neck-head-helmet system. The basic anatomy of the human 

neck and head is described in the fourth area of study. The fifth study area reviews work 

concerned with biodynamic modelling of the human body. As well as including various 

areas of the body for modelling (spine, neck-head, head-helmet etc.) it also reviews the 

modelling techniques necessary for this type of application. 

2.2 VARIABLES AFFECTING HEAD AND HELMET MOTION 

2.2.1 In t roduc t ion 

There are a number of external parameters which may affect the motion of the head and 

helmet under dynamic conditions. For example, when walking the type of footwear and 

the surface can affect the motion of the head and consequently the helmet (Woodman, 

1995a). It is documented that head motion is affected by the helmet mass and 

distribution of mass on the helmet (Woodman and Griffin, 1995). In high g scenarios this 

potentially could lead to neck injury (Huston and Sears, 1981). The scalp coupling 

between head and helmet is also known to influence motion of the helmet on the head 

(Woodman, 1995b). When exposed to vertical whole-body vibration, head motion can be 

influenced by a variety of parameters such as posture and muscle stiffness etc. (Griffin, 

1990). 



This section of Chapter 2 reviews some studies which have investigated these variables 

and their effect upon head and helmet motion. 

2.2.2 Extr ins ic var iab les 

2.2.2.1 Effect of footwear 

High magnitude shocks are generated when walking and running and might be of 

pathological importance. For example, the shock at the tibia has been claimed to 

overload the knee, causing wearing of the joint and resulting in osteoarthritis (Voloshin 

and Wosk, 1982). In a later study Johnson (1986) reported that Sorbothane shoe inserts 

reduced shock loading by up to 20%. 

Lafortune (1991) measured three-dimensional acceleration using bone-mounted 

accelerometers on the tibia. One subject walked at 1.5m/s while barefoot and when 

wearing leather-soled shoes. The average peak positive axial acceleration was 3.3g 

when barefoot and 1.71 g when shod. 

Rao and Jones (1975) measured the effect of footwear on the motion of the head and 

shoulders of twelve male subjects walking a distance of 6m on a concrete floor. The 

overall mean peak-to-peak acceleration at the head and shoulders without shoes was 

greater than with shoes. The mean peak-to-peak accelerations at the head shod and 

barefoot were 0.65 and 0.84g respectively. 

Light et al. (1979) investigated the effect of footwear, of both conventional shoes and 

shock absorbing shoes, on the vertical motions at the shoe heel, tibia and head. The 

impulse at the head was greatest when barefoot and the impulse measured at the head 

was less when the shock absorbing shoes were worn than when conventional shoes 

were worn. 

Woodman (1995a) conducted a small study to investigate the effect of footwear on the 

motion of the head whilst walking. A single subject walked at six different speeds when 

barefoot and when wearing Army Combat Assault boots and socks. The motions of the 

head and helmet were measured in six axes. This showed the magnitude of the peaks of 



pitch motion at the head to be less when boots were worn than when the subject walked 

barefoot. However, the roll motion of the head was greater with the subject wearing 

boots than when barefoot. The transmission of pitch motion from the head to the helmet 

when walking was unaffected by footwear. 

2.2.2.2 Effect of helmet mass and moment of inertia 

The helmet design emphasis on the prevention of cranial injury may result in deficiencies 

in other areas. The helmet mass, placement of the mass and the shape of a helmet are 

important factors in reducing the probability and severity of neck injuries (Frievalds and 

McCauley, 1990). 

Research has been conducted to investigate the effect of helmet mass and/or moment 

of inertia on the loading of the spine, the risk of injury and the wearer's comfort and 

performance etc. 

Particular practical applications in which helmets are worn and could cause injury are in 

ejections from fighter aircraft. Anton (1987) reported that the risk of sustaining a neck 

fracture on ejection is between 1 and 2%. Increasing the mass on the head particularly 

in association with forward shifts of the centre of gravity could increase the incidence of 

fracture. 

These findings were confirmed by Settecerri et al. (1987). A study was carried out 

investigating the effect of varying the mass properties of aviator helmets upon the forces 

and moments occurring in the head and neck during impact events. A Hybrid III 

anthropomorphic manikin head was used in the tests. The results showed that large 

changes in the centre of gravity and moment of inertia of the helmet can lead to 

considerable increases in the forces and moments in the head and neck. 

Hoek Van Dijke ef a/. (1993) made measurements of neck and head acceleration in four 

simulated flights. Muscle forces and joint reaction forces in the neck were estimated and 

calculations made to investigate the influence of the helmet, helmet-mounted devices 

and a counter-weight fitted to the helmet. The following four situations were analysed; 

with the head unloaded (no helmet), the head loaded by a normal helmet, the head 



loaded by a normal helmet fitted with a helmet-mounted device and a helmet with an 

additional counter weight of 0.44kg mass added at the dorsal side of the helmet. The 

additional weight of the helmet caused the joint reaction forces in the neck to increase by 

a factor of 1.4 on average. This increased to 1,7 with the addition of helmet-mounted 

devices. The addition of the counterweight partly compensated for the influence of the 

helmet-mounted devices, and the joint reaction forces in the neck decreased to 1.6. 

A similar set of calculations were made to investigate the influence of helmet mass and 

the position of the mass on the helmet. It was observed that shifting the centre of mass 

posteriorly (behind the atlanto-occipital joint) reduced the mean joint load on the cervical 

spine to 0.9 times the load when the pilot wore a standard helmet. 

Frievalds and McCauley (1990) used the Articulated Total Body Model to investigate the 

effects of helmet and assembly mass, head/helmet centre of gravity, and initial head-rest 

position on pilot injury under high loads (pilot ejection). The study indicated that 

additional helmet mass had very little effect on head injury under pilot ejection 

conditions. However, any combination of helmet centre-of-gravity offset or initial head-

rest position that causes the combined head and helmet assembly centre of gravity to be 

anterior of the atlanto-occipital joint would result in a significant head rotation. It was 

concluded that the location of the helmet centre-of-gravity is the crucial parameter when 

designing an aviator's helmet. 

Woodman and Griffin (1993) studied the relationship between helmet mass and the 

transmission of fore-and-aft seat vibration to the head and helmet. An excitation 

frequency range of 0 to 20 Hz was used and helmet mass was varied from 0 to 4.2kg. 

Measurements of head and helmet motion were made in the mid-sagittal plane and 

transfer functions determined from the fore-and-aft motion of the seat to each of the 

directions of movement on the head and helmet. Although the results presented errors 

due to large amounts of inter-subject variability it was still possible to conclude that 

placing a helmet on the head reduced the fore-and-aft frequencies measured at the 

head. Placing a helmet on the head also reduced the pitch movement that occurred on 

the head at 5Hz. A mode of vibration, containing both pitch head and pitch helmet 

motion, decreased from 10Hz to 5Hz as the helmet mass increased from 1.4 to 4.2kg. 
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Woodman and Griffin (1995), in continuation of this work, conducted an experiment to 

determine the effect of helmet mass and moment of inertia on pitch head to pitch helmet 

transmissibility. In the experiment whole-body vertical vibration was presented to twelve 

male subjects in the frequency range between 0 and 20Hz. Pitch motion was measured 

at the head and at the helmet and the transmissibility calculated between the two. The 

results showed that at 4Hz the transmission of pitch head motion to pitch motion of the 

helmet increased with each increase in helmet mass. There was also a decrease from 

approximately 10 Hz to 5 Hz in the resonance frequency showing the transmissibility 

between pitch head motion and pitch helmet motion as the helmet mass increased. 

Figure 2.1 shows the head to helmet pitch transmissibility with helmets of varying 

masses. At frequencies between 2 and 12 Hz the magnitude of the head to helmet 

transmissibility generally decreased as the helmet mass increased. 

s 
'to 

c nJ 
H 

helmet pitch 

head pitch 

0 
0 5 10 

Frequency (Hz) 

Figure 2.1 Median transmissibilities of 12 subjects from head pitch motion to helmet 

pitch motion, during vertical seat vibration. (From Woodman and Griffin (1995)) 

2.2.2.3 Forehead skin and helmet coupling 

The relative motion of a helmet on the head may be influenced by motion of skin or by 

motion of the internal fittings of the helmet (Woodman, 1995b). The contact area 



between a helmet and a head will vary between different designs of helmet and may 

alter the dynamic properties of the skin on the head. 

Neary et al. (1993) investigated helmet slippage and suggested that the helmet can 

move on the head due to looseness of skin during voluntary head movements. The 

r.m.s. helmet slippage was measured and shown to be a function of head motion. It was 

also observed that slippage increased linearly with increasing r.m.s. head motion. 

The effect of the contact area on the stiffness of forehead skin was studied by Woodman 

(1995b) to evaluate whether the contact area with the forehead influenced the relative 

head and helmet motion. The study consisted of two parts. The first calculated the static 

skin stiffness by measuring the skin displacement after a certain mass was applied. The 

results indicated that the forehead shear skin stiffness varied over the twelve subjects 

tested from 300 to 650N/m. The second part of the study measured the dynamic 

response of the head and the helmet to vertical seat acceleration for each subject. 

Transmissibilities were calculated between head pitch and helmet pitch motion. The 

results showed a large amount of intersubject variability. There was, however, a 

marginally significant correlation between median forehead static skin stiffness and the 

frequency of the peak in the transmission of pitch motion from the head to the helmet for 

each subject. 

2.2.3 Intr insic var iab les 

2.2.3.1 Intersubject variability 

Intersubject variability is the variability in results that can occur across a sample of 

subjects. The nature of the human race dictates that no two people are the same. All 

have a different, physical, genetical and anatomical structure. This can cause problems 

when conducting experiments with human subjects. For this reason, studies 

investigating the human response to vibration usually make use of a sample of subjects, 

the number depending upon the nature of the experiment. Results from the sample of 

people are generally analysed using statistical methods and displayed to provide 

conclusions which are representative of a sample of the relevant population. 



Paddan and Griffin (1988) conducted a study into the effect of intersubjecf variability on 

the transmission of translational seat vibration to the head. Twelve male subjects 

participated in the experiment, (aged 18-34 years) with a reasonable cross-section of 

weight and height. The results showed large differences in the transmissibilities between 

subjects, particularly in the vertical seat-to-head transmissibility curves, with one subject 

having a seat-to-head transmissibility of 0.1 at 6.5Hz and another subject having a 

transmissibility value of 1.6. The authors suggested that this scatter, as well as being 

caused by individual experimental differences between subjects such as posture and 

voluntary movements of the head, could be caused by physical differences between 

subjects (weight, age, height, hip size, leg size etc). The effect of the subject relying on a 

backrest is also another significant factor in producing large amounts of intersubject 

variability. 

2.2.3.2 Intrasubject variability 

Intrasubject variability is the variability between the test results of one subject, when 

experiencing the same experimental conditions at differing times. 

The causes of intrasubject variability are due to uncontrollable changes in the 

experiment and are mostly caused by changes in posture and lack of careful observance 

of the subject by the experimenter. 

Paddan and Griffin's experiments (1988) also investigated the effect of intrasubject 

variability in the transmission of vertical seat vibration to the head. These results 

indicated a high repeatability in transmissibility compared to the changes caused by 

different seating conditions and those associated with inter-subject variability. A possible 

explanation given for this was that the subject repeated the experiment over a short 

period during which he was able to recall the precise form of his sitting posture. 

2.2.3.3 Effect of posture in vertical whole-body vibration transmitted to the head 

Coermann (1962) investigated the effect of posture on the transmissibility from seat 

vertical acceleration to vertical head acceleration. One subject was exposed to vertical 

sinusoidal vibration with a magnitude of 0.1g, in the frequency range from 1 to 20 Hz, in 

erect and relaxed postures. The erect posture increased the first resonance frequency 



from 4.6Hz in the reiaxed posture to about 5.2Hz and produced another resonance at 

about 3.2Hz. The second frequency peak with a relaxed posture at about 10 Hz 

increased to 11Hz when an erect posture was adopted, A third resonance at 15 Hz with 

an erect posture was not seen when the posture was relaxed. The erect posture also 

decreased the transmissibility at frequencies below 5.2Hz but increased the 

transmissibility above 5.2 Hz. 

Griffin (1975) exposed twelve subjects to vertical discrete sinusoidal vibration in the 

frequency range from 7 to 75 Hz with six magnitudes from 0.2 to 4.0 m/s^ r.m.s. Each 

subject adopted the most and least severe posture in a sitting position. Acceleration at 

the head in the vertical, fore-and-aft, lateral and pitch directions was measured and the 

transmissibilities from seat to head were calculated and compared between the two 

postures. It was found that the transmissibility to the head vertical and lateral directions 

in the most severe posture was reduced when the least severe posture was adopted at 

all the frequencies measured. The effect of posture on the transmissibility to the fore-

and-aft and pitch motion of the head was small. 

2.2.3.4 Effect of muscle tension 

Griffin t / al. (1978) measured the transmissibility of vertical seat acceleration to vertical 

head motion of a subject with the muscles tensed as much as possible and with the 

muscles relaxed. The subject kept a normal sitting posture in both conditions. It was 

found that the tensed muscles increased the transmissibility at most frequencies upto 

100Hz with the largest increment from 1.0 to 1,4 at 5Hz. The first resonance at about 4 

Hz with relaxed muscles shifted to about 5Hz when the muscles were tensed. However, 

the effect of muscle tension appeared smaller than the effects of changing posture. 

2.2.3.5 Effect of backrest in vertical whole-body vibration 

Paddan and Griffin's study (1988) into the transmission of vertical seat vibration to the 

head showed the transmissibility to the head in the fore-and-aft direction to be greater 

when a backrest was used in the experiment (in the frequency range between 4 and 

BHz), Using a backrest resulted in approximately 60% more motion of the head in the 

vertical direction at the main resonance frequency of GHz, Removing the backrest 

decreased the frequency and magnitude of the main resonance peak and the point of 
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minimum response decreased from 13 to 8Hz when the backrest was removed. The 

changes in transmissibility when contact is made with the seat backrest arise partly from 

the additional transmission path for vibration. However, it was also suggested that 

leaning against the backrest may alter the dynamic response of the body by providing 

additional stiffness, hence increasing some resonance frequencies. 

2.2.3.6 Effect of bite-bar mass and grip when measuring whole-body vibration 

Paddan and Griffin's study (1988) showed that bite-bar grip does not have a significant 

effect upon the transmission of vibration from seat to head. However, it was observed 

that increasing the mass of the bite-bar from 135 to 375g increased the pitch motion of 

the head at 7Hz by approximately 18%. 

2.3 MEASUREMENT AND ANAL YSIS TECHNIQUES OF HUMAN 

VIBRATION 

2.3.1 In t roduc t ion 

This section introduces and explains some of the more commonly used techniques that 

have been used by previous authors in experiments concerning the measurement and 

analysis of human vibration. 

2.3.2 Transmiss ib i l i t y 

Transmissibility is the non-dimensional ratio of the response amplitude of a linear system 

in steady-state forced vibration to the excitation amplitude expressed as a function of the 

vibration frequency. The ratio may be one offerees, displacements, velocities or 

accelerations (Griffin, 1990). Transmissibility measurements can therefore for be used to 

quantify the amount of acceleration travelling through the body, from one point to 

another. 

2.3.3 Six axis bite-bar 

Paddan (1984) first used a six-axis bite bar to measure rigid-body motion of the head. 

Many researchers have since used a similar bar in subsequent studies. The 

instrumented bar consists of six translational accelerometers to measure six axes of 

motion of the head and helmet. Rotational accelerations are determined from signals 

11 



provided by pairs of transiational accelerometers. The bite bar is shown in Figure 2.2. 

Translational accelerations are taken as those measured by three mutually 

perpendicular accelerometers on block 3 (i.e. A>,i for x-axis, Aŷ  for y-axis and for z-

axis motion at the head or helmet). The signals and A ĝ and the separation between 

the blocks 2 and 3 enable the roll accelerations to be calculated, Â ^ and A^j together 

with the separation between the blocks 1 and 3 are used to calculate pitch acceleration. 

Yaw motion is calculated using A%1, Â 2 and the separation between blocks 2 and 3. 

lock 2 Tubing Block 3 

Block 1 

- axes of vertical accelerometers 

- axes of fore-and-aft accelerometers 

- axis of lateral accelerometer 

Figure 2.2 Six axis bite-bar with accelerometer positions, mounting blocks and 

sterilised tubing to bite. 

The equations required to calculate the rotational accelerations are: 

roll acceleration r, = • 
d. 

pitch acceleration r,, 
d.. 
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yaw acceleration r_ = 

2.3.4 Apparen t mass 

Apparent mass is the complex ratio offeree to acceleration during vibration measured in 

a linear system under simple harmonic motion or random vibration. It has the advantage 

that it can be measured directly from signals provided by accelerometers and force 

transducers. When the human body is rigid (for example at low frequencies) the 

apparent mass of the body is equal to its static mass, and force and acceleration are 

proportional and inverse with each other. As the excitation frequency increases, passing 

through one or more resonances there is an increasing phase difference between force 

and acceleration. At higher frequencies the upper parts of the body are only loosely 

coupled, the force is dominated by the mass and the apparent mass falls. 

2.3.5 Exper imenta l Modal Ana lys is 

Experimental modal analysis is a method used to characterise the dynamic behaviour of 

a structure. When using experimental modal analysis it is assumed that the structure 

behaves in a linear manner with hysteretic damping. The technique relies on the 

assumption that the dynamic behaviour of a structure may be described in terms of its 

modal properties of natural frequencies, mode shapes and damping. Experimental 

modal analysis seeks to extract modal information from measured data, generally 

transfer functions, based on a mathematical model formulated in terms of modal 

properties and presents the results in the form of natural frequencies and mode shapes. 

Kitazaki (1992) conducted a pilot study to investigate the application of experimental 

modal analysis on data measured at the vertebrae T1, T6, T11, L3 and S2, front pelvis, 

torso-wall and at the head of one subject who was exposed to vertical whole-body 

vibration. The effect of local skin vibration was eliminated, using a procedure to take into 

account the relative motion between the vertebrae and the accelerometers. 

Acceleration transfer functions between the vertical input at the seat and each 

measurement point were used in the experimental modal analysis. Although there was 
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heavy clamping of the human body, the experimental modal analysis technique was 

found to be applicable to human whole-body vibration. 

2.3.6 Coherency 

Coherency is an expression of the proportion of the output of a system that is related to 

the input. All transfer function measurements (including transmissibility and apparent 

mass) should be used with coherency measurements to ensure reliable data.. It is used 

to gain confidence in the measured data and to ensure that noise or linearity issues do 

not compromise the quality of the transfer function data. 

2.4 MEASUREMENTS OF HEAD AND/OR HELMET MOTION 

2.4.1 Introduction 

The transmission of vibration through the body may reduce comfort or have an adverse 

affect on health. Vibration of the head may impair vision and difficulties can be 

encountered in controlling a vehicle or when performing some other task. The vibration 

of a helmet mounted on the head may produce discomfort, fatigue, a reduction in task 

performance efficiency and potentially the risk of spinal injury to the wearer. 

This section reviews known circumstances in which helmets are worn and 

measurements of head and/or helmet motion have been made. This includes laboratory 

conditions, when head /helmet motion has been provoked by shakers, ambulatory 

conditions and in-vehicle measurements made in the field. 

2.4.2 Wa lk ing and runn ing 

Compared with whole-body vertical vibration whilst seated, the motions occurring during 

running and walking are complex (Sandover, 1975). The pelvis oscillates in the xz and 

xy planes with alternate steps to a marked degree, and the abdominal muscles are 

probably under greater tension. 

No studies have been found which quantify the effect of a helmet on head motion or 

report on the nature of the motion that occurs at the head and helmet when running. It 

has, however, been shown that the levels of whole-body vibration present when running 
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are greater than the maximum vibration levels permitted from agricultural and industrial 

machinery and vehicles. 

Sandover (1975) measured the vertical head motion of 8 subjects whilst walking and 

running and compared these data with those occurring at the head during externally 

applied whole-body vibration. Using an iterative trial and error method it was possible to 

match head acceleration with seat input for both ambulation conditions. It was concluded 

that the level of whole-body vibration induced whilst running can be much greater than 

the levels considered unacceptable by I.S.O 2631 (1974) at a shaker platform. 

Cappozzo (1982) expanded upon the idea of self-generated vibration further by 

conducting acceleration measurements at the head, shoulders and pelvis of five healthy 

male subjects when walking. It was concluded that the acceleration components to 

which the upper part of the body is subjected combine so as to give rise to a smooth and 

well co-ordinated pattern of ambulation; both in time and in space. It was also observed 

that vertical acceleration of the head shifted towards higher frequencies as walking 

speed increased and was 'considerably' greater in magnitude than the horizontal 

components. Figure 2,3 below shows a sample of the measured time-histories whilst 

walkinu."at_l,63 m/s. 
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Figure 2.3 Acceleration time histories measured on a single subject when walking at 

1.63 m/s (Capozzo, 1982). 

It has been shown that a helmet can increase motion of the head in certain conditions 

and at certain frequencies and consequently it is hypothesised that the addition of a 

helmet, of known mass and moment of inertia could increase the levels of self-induced 

whole-body vibration. 

Some studies have been conducted which quantify the motion of the head when 

running. These are explained below. 

Gunther (1969) conducted a study to investigate the effect of impact vibrations at the 

head, pelvis and heel when walking and running on an elastic floor, concrete surface 

and a lawn. In walking, average accelerations were shown, for men at the heel to be 

3.0g, at the pelvis 1.3g and at the head 0.6g. This provided an indication of the 

attenuation of the acceleration as it is transmitted through the body. It was also 

concluded that there is no connection between the magnitude of the acceleration and 

the magnitude of the body weight of the subject. 
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Simic (1970) explored the theory that human tolerance to externally applied vibration is 

closely linked with the self-induced accelerations and frequencies which occur during 

walking. He employed a total of 73 subjects ambulating at speeds varying between slow 

walking and running and measured the corresponding acceleration in the head x and z 

directions and at waist level in the x, y and z directions. He concluded that the 

accelerations in the vertical directions are greatest for all subjects and deduced the 

following 'rule of thumb' for the ratio of acceleration in the three directions. 

Z / x ; y 1:0J&0.5 

Walters et al. (1973) conducted a more academic study into human locomotion. 

Translational acceleration and displacement of the head and trunk at different walking 

speeds was measured. Fore-aft displacement of the head was sinusoidal. The head and 

trunk moved faster than the stepping rate (fore-aft direction) in the first 31% of the step 

cycle and this increase in velocity started at 90% of the previous step cycle. At all other 

times in the cycle the head moved at a slower rate than the stepping rate in the fore-aft 

direction. Maximum downward (-z) displacement of the head occurred at 17% of the 

step cycle when the head was centred between both feet in a double stance. It was 

observed that the maximum amplitude of vertical head displacement was 4,2cm. This 

occurred 68% of the way through the cycle when the feet rise over the fixed stance 

extremity. It was also observed that increased vertical head displacement occurred as 

walking rate increased. 

Acceleration of the head in the fore-aft and vertical directions was also measured for 

each step. Forward acceleration of the head began at 60% of the step cycle and 

continued to 10% of the next step cycle. This relates to push-off, deceleration of the 

swing limb and downward movement of the head and trunk. It was observed that as 

walking speed increased the magnitude of forward and backward acceleration of the 

head increased. Vertical acceleration of the head was maximum at 9% of the stepping 

cycle and averaged 0.31 g. The minimum acceleration (-z) occurred at 50% of the cycle 

averaged O.OSg, As walking speeds increased the magnitude of vertical acceleration of 

the head increased. The overall process of head and trunk movement when walking is 
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believed to conserve energy between successive steps by providing a smooth transfer of 

energy. 

Rao and Jones (1975) conducted a study on the human response to walking and 

obtained some basic spectral information at the head and shoulders of a sample of 29 

male subjects when walking. They showed that the head vertical response during 

walking shows the behaviour of a two degree of freedom viscoelastic system, whilst the 

shoulder response shows the behaviour of a single degree of freedom system. The 

results identified three frequency regions during the walking process, a head response at 

1.2-2.0HZ- the range of normal walking frequencies, a shoulder response of 

approximately 5Hz and a mean frequency response of the head of approximately 19Hz. 

Recommendations, based upon these results were made to restrict the magnitude of 

vibration occurring in vehicles. 

Das, et al. (1995) conducted a study to investigate the effect of viewing a fixed target 

whilst walking upon rotational head motion. Whilst the majority of the conclusions made 

are not relevant in the context of this thesis some useful information was supplied. In 

particular a comparison was made between normal walking and treadmill walking which 

showed head motion in the pitch direction to occur at very similar frequencies but to 

have a substantially greater peak velocity during natural walking. 

Woodman (1995a) measured acceleration at the heads of 12 subjects in translational 

and rotational axes whilst walking at speeds of between 1 and 2.25 steps per second. 

The effect of wearing a 1.3kg helmet was also investigated. Power spectral densities of 

the acceleration at the head showed that increases in walking speed increased the 

magnitude of dominant vertical and pitch head acceleration which occurred at the 

stepping frequency. Acceleration measured in the fore-and-aft axis of the head was 

greatest at the lowest walking speeds. Wearing the helmet tended to reduce head 

accelerations in the frequency range between 2 and 5Hz. 

2.4.3 J u m p i n g 

Jumping conditions introduce shocks and impulses into the body and skeletal system 

rather than the periodic-type of signal seen when walking or running. It could be 

hypothesised that the response at the head and helmet (if worn) would show greater 



acceleration and displacement under jumping conditions than in any of the other 

ambulation conditions. It is therefore suprising to find little relevant literature on the 

subject. 

Work has; however, been conducted on the overall body human to jumping excitation. 

Bhattacharya et at. (1980) measured accelerations in the vertical direction at three 

points on the body: the ankle, the lumbosacral region of the back and at the forehead. 

Endevco piezo-resistive accelerometers, placed in plexi-glass holders to maintain 

orientation in the vertical axis were taped to the skin to measure the acceleration at each 

point. Measurements were made during trampoline jumping at four heights of 18, 37, 75 

and 100 cm while the subjects jumped for a duration of five minutes at each height. 

Eight male subjects were used in the experiment. When the results were normalised to 

take into account body weight, the peak accelerations increased progressively with 

increased jumping height at all three body locations. 

Figure 2.4 shows typical time histories of the acceleration of a single subject whilst 

jumping on a trampoline. It can be seen that the accelerations at all three sites on the 

body during jumping were similar, indicating that impact forces were transmitted 

throughout the body with little attenuation. 

JREHEAD 
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ELECTROCARDIOGRAM 

—»-|4 sec|^— I"*—1 sec-—»j 

CONTROL FIRST JUMP HEIGHT = 18 cm 

V \ r \ -

CONTROL LAST JUMP HEIGHT = 100 cm 

Figure 2.4 Typical records of the forehead, back and ankle acceleration waveforms 

during trampoline jumping for one subject (Bhattacharya et a/., 1980) 
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Pernica (1990) conducted a study to measure the dynamic load factors for pedestrian 

movements and rhythmic exercises. As part of the study the floor response was 

measured with a subject 'stride jumping'. Figure 2.5 shows the time-history and spectra 

of that event, showing, repeatable sinusoidal motion and a well defined frequency 

spectrum with fundamental and harmonics. 

Other studies have been conducted to investigate the human response to jumping, 

although these have not measured head motion. Ozguven and Berme (1988) conducted 

a study of the impact forces during human jumping and developed a two-degree of 

freedom model showing that the human could be modelled to simulate jumping from a 

different height and predict ground reaction forces. Berme et al. (1984) conducted a 

study to investigate the compressive loading of the spine whilst jumping from height and 

concluded that spinal loading when jumping is approximately equal to that occurring 

when running. 
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Figure 2.5 Time history and spectrum of ground forces produced by one person stride 

jumping at 1.8m/s, Pernica (1990). 
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2.4.4 From who le -body v ibrat ion 

Paddan (1986) measured the transmissibility of seat-to-head vibration in an armoured 

fighting vehicle driven over a rough cross-country course. Vibration recorded at the head 

and seat in the mid-sagittal plane and the mid-coronal plane were analysed using 

transmissibilities, partial coherencies and conditioned power spectral densities. It was 

shown that fore-aft, vertical and pitch motion of the head were mostly affected by vertical 

motion of the seat. Pitch axis seat motion had no effect on motion in the three axes at 

the head. 

In Paddan and Griffin's study (1988) vibration was measured in three translational and 

three rotational axes of the head during exposure to whole-body random vertical 

vibration. The excitation was provided by a 1m one-stroke electro hydraulic vertical 

vibrator and the response measured using a six axis bite-bar. Participants in the 

experiment were subjected to the same Gaussian random vibration, presented for 60 

seconds at 1.75 ±0.05m,s"^ r.m.s. at frequencies between 0.2 and 31.5Hz. Twelve 

subjects were used in the experiment and asked to maintain a 'comfortable upright 

posture' throughout the experiment and avoid voluntary movements of the head. Seat-

to-head;transfer functions were calculated for motion occurring 100mm to the left of the 

mid-sagHital'plane at mouth level and calculated using the 'cross spectral density 

function method'. The study provided valuable information into the effect of backrests, 

bite-bar grip strength and inter and intra subject variability, results of which are 

discussed in Section 2.2 of the literature review. 

Paddan (1990) made transmissibility measurements for a single subject of vertical seat 

to vertical head and vertical seat to fore-and-aft head motion. This experimental work 

identified three main resonances, providing information about the dynamics of the head. 

The first, at approximately 3Hz showed mostly x-axis motion at the chin, falling steadily 

towards the crown. The second mode occurred at around 4.5 Hz and showed a large 

amount of x-axis motion at the chin and a large amount of z-axis motion at the back of 

the head, which decreased steadily towards the front of the head. The third mode 

occurred at around 6.5 Hz. In the z-axis there was a lot of motion at the front of the 

head and at the crown of the head in the x-axis, decreasing steadily towards the chin. 
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Paddan and Griffin (1992) measured head motion in six axes of twelve subjects exposed 

to vertical whole-body vibration in the frequency range between 0.5 and 25 Hz. 

Translational acceleration was calculated at various locations on the head from the 

measured data and seat-to-head transmissibilities were calculated at each location in 

each translational axis. It was discovered that the translational motion of the head was 

most affected by head pitch motion. This caused variations in fore-and-aft motion with 

position along the vertical axis of the head and variations in vertical motion with position 

along the fore-and-aft axis of the head. Individual subject data allowed the identification 

of various modes of vibration and showed that seat-to-head transmissibility is greatly 

affected by pitch modes of the head and neck as shown in Figure 2.6. 
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Figure 2.6 Transmissibilities for 12 subjects in a back-off posture during vertical seat 

motion, from Paddan and Griffin (1992) 

Kitazaki and Griffin, (1998) conducted a series of experiments to identify the resonance 

behaviour of the seated human body. Experimental modal analysis was applied to data 
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measured under whole-body vertical vibration with three seated postures. Motions of the 

spine, pelvis and viscera, in the mid-sagittal plane, were derived from skin-mounted 

accelerometers and head responses were measured using a bite-bar. 

Eight modes of vibration were extracted from the mean transfer functions of eight 

subjects at frequencies below 10 Hz. These are summarised in Table 2.1 above and 

shown in Figure 2,7. Natural frequencies were also extracted from the mean apparent 

mass. The first principal resonance occurred at 4.9Hz and the second principal 

resonance occurred at 8.6Hz. 

Table 2.1. Frequencies and mode shapes obtained from Kitazaki and Griffin (1997) 

Mode No Frequency Mode shape description 

1 11 Hz Bending mode of the thoracic and cervical spine 

2 2 ^ Hz Anterior-posterior motion of the head and pelvis 

(opposite phase) 

3 3 4 Hz Anterior-posterior motion of the head and pelvis (in 

phase) 

4 4 9 Hz Entire body mode- head, spinal column and pelvis 

moved vertically due to axial and phase with a vertical 

and visceral mode and a bending mode of the upper 

thoracic and cervical spine. (1^ Principal resonance) 

5 6 L 6 H Z Bending mode of the lumbar and the lower thoracic 

spine and vertical motion of the head. 

6 8.1Hz Pitching modes of the pelvis with different locations of 

pivot- (associated with second principal resonance) 

7 8 7 Hz 

8 S L 3 H Z 2""̂  visceral mode (associated with second principal 

resonance) 

Wells (1982) conducted a study to investigate the acceleration levels occuring in a 

military helicopter and its occupants. In particular measurements were made of head 

and helmet pitch acceleration- both in the helicopter and in simulated flight conditions in 

the laboratory. It was observed that most energy in the head and helmet pitch directions 
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of motion occurred at frequencies below 10Hz. The transfer function of head pitch to 

helmet pitch acceleration was dominated by peaks representing the main rotor blade 

passing frequency (and associated harmonics). At frequencies between approximately 2 

and 12 Hz the head to helmet pitch transmissibility was never less than one, indicating 

extra helmet pitch motion (relative to head pitch). 
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Figure 2.7 Vibration mode shapes in the normal posture extracted from the mean 

transfer functions of eight subjects below 10Hz, Kitazaki and Griffin (1998). 

The study by Woodman and Griffin (1995) measured head and helmet motion under 

whole-body vertical vibration conditions to investigate the effect of helmet mass and 

moment of inertia. A peak in the transmissibility of pitch acceleration from head to 

helmet was observed and this varied from approximately 4.8Hz to 12Hz depending upon 
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helmet mass. The amplitude of each peak in transmissibility varied between 

approximately 2 and 3- indicating that there was considerably more helmet pitch 

acceleration than head pitch acceleration at this frequency. 

2.5 THE yl/yw irCWfTT OF THE /Vj=CA( HE/IO 

2.5.1 St ructure of the skeletal sys tem 

The adult human skeleton consists of 206 named bones. These are grouped into the 

axial and appendicular skeleton. The axial skeleton contains the bones which lie around 

the longitudinal axis of the upper body such as the skull, vertebral column and the ribs. 

The appendicular division contains the bones of the upper and lower extremities (limbs) 

and the shoulder and pelvic girdles which connect the extremities to the axial skeleton. 

2.5.2 The s t ruc tu re of the vertebral co lumn 

The vertebral column (spine), the sternum and ribs, constitute the skeleton,or trunk of 

the body. The adult vertebral column consists of seven cervical vertebrae, twelve 

thoracic vertebrae and five lumbar vertebrae (24 in total). There are also five fused 

vertebrae that form the sacrum, and usually four fused vertebrae that form the coccyx. 

The vertebral column has the principle function of supporting the human body in the 

upright-posture, protecting the spinal cord and allowing axial movement of the spine. 

Figure 2.8 shows an anterior and lateral view of the vertebral column. 

2.5.3 Vertebral s t ruc tu re 

2.5.3.1 Introduction 

Although there are variations in the size, shape and detail in the vertebral structure in 

different regions of the vertebral column the vertebrae are essentially similar in structure. 

A typical vertebra consists of the vertebral body, vertebral arch and processes. The 

vertebral body is a bony, thick, disc-shaped anterior portion that is the load-bearing part 

of a vertebra. Its superior and inferior surfaces are roughened for the attachment of 

intervertebral disks. The vertebral arch extends posteriorly from the body. It is formed by 

two short and thick processes (the pedicles and the laminae). The space between the 

vertebral arch and the body is the vertebral foramen and this contains the spinal cord. 
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The vertebral foramina of all the vertebrae together form the vertebral (spinal) canal. A 

transverse process extends laterally on each side and a single spinous process projects 

posteriorly and interiorly from the junction of the laminae. These three processes serve 

as points of attachment for the connective ligaments. The remaining four processes form 

joints with other vertebrae. The two superior articular processes articulate with the 

vertebra next to them. The articulating surfaces of the articular processes are referred to 

as facets. 
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Figure 2.8 Vertebral column: (a) anterior view; (b) right lateral view (from Tortora and 

Anagnostakos, 1990) 

2.5.3.2 Cervical vertebrae 

The bodies of the cervical vertebrae are smaller than those of the thoracic vertebrae. 

However, the vertebral arches are larger. The first two cervical vertebrae differ 

considerably from the others. The first cervical vertebra (the atlas) supports the head. 

The superior articular facet is linked to the occipital bone of the head and subsequently 

allows for the nodding (pitching of the head). The inferior articular facets are linked to the 
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second cervical vertebra (the axis vertebra). The structural pattern of the 3rd to 7th 

cervical vertebrae corresponds to that of a typical vertebra. 
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Figure 2,9 Basic Anatomy of the neck (cervical spine), (from Tortora and 

Anagostakos, 1990) 

2.5.3.3 Thoracic vertebrae 

The thoracic vertebrae are larger than the cervical vertebrae. The spinous processes are 

longer and directed inferiorly. The thoracic vertebrae also have longer and heavier 

transverse processes than the cervical vertebrae. With the exception of the eleventh and 

the twelfth thoracic vertebrae, the transverse processes have facets which articulate with 

the tubercles of the ribs, and the bodies have whole facets or half facets for articulating 

with the heads of the ribs. 

2.5.3.4 Lumbar vertebrae 

The lumbar vertebrae are the largest and strongest vertebrae in the spinal column. Their 

various projections are shorter and thicker than other vertebrae in the thoracic and 

cervical regions. The superior articular processes are directed medially instead of 
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superiororly and the inferior articular processes are directed laterally instead of inferiorly. 

The spinous processes are thick and broad and project almost posteriorly. 

2.5.3.5 Sacrum and coccyx 

The sacrum is a triangular bone formed by union of five fused sacral vertebrae. The 

sacrum serves as a strong foundation for the pelvic girdle. It is located at the posterior 

portion of the pelvic cavity between the two coaxial (hip) bones. The coccyx is also 

triangular in shape and is formed by fusion of coccygeal vertebrae, usually the last four. 

The coccyx articulates superiorly with the sacrum. 

2.6 MODELS OF THE AYUYkkS/V A/ECK, H E ^ O HELMET 

2.6.1 In t roduc t ion 

This section of the literature review investigates previous research into biodynamic 

modelling of the human body. It also reviews the modelling techniques necessary for this 

type of application and details relevant previous models of the spine, neck, head and 

helmet. 

Many applications of biodynamic modelling use finite element analysis to produce an 

accurate representation of the system. The finite element method is to divide the region 

in a model into as many subregions as possible. The subregions are rejoined by 

enforcing conditions that make each boundary compatible with each of its neighbours. 

Finite element analysis is widely used to model the response of a structure to specific 

operating loads and conditions. In mechanical applications this is advantageous as it 

saves both time and money and often eliminates the need for prototype structures. 

Biodynamic models have been developed using finite element analysis to predict the 

response of the human body under certain conditions. Thus biodynamic models have 

been written to predict the risk of injury to pilots when ejecting and, among others, to see 

how the body responds to whole-body vibration. 
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It is the aim of this chapter to review biodynamic models that have been developed to 

predict the effect of vibration upon the response of the spine, neck head and helmet. 

2.6.2 Models of the human sp ine 

Kim and Goel (1990) developed a three-dimensional non-linear finite element model of a 

half-intact L3-4 ligamentous lumbar motion segment. The model consisted of 436 three-

dimensional elements and was used to compare disc bulge, loads across the facets and 

intradiscal pressure with measured data taken from a segment dissected from a human 

cadaver. 

Toth (1966) developed an eight degree-of-freedom non-linear model of the thoracic and 

lumbar vertebrae and pelvis. Various acceleration waveform inputs were applied to the 

model and the force response was compared with the vertebra breaking strength. 

Consequently it was possible to define human tolerance to vertebral injury for various 

cephalad directed waveforms, 

Orne and Liu (1971) developed a discrete parameter model of the human body using the 

spine as the main load-carrying element. The spine was modelled as a collection of 

elements with each element consisting of a rigid vertebra and a massless, deformable 

disc. Each rigid body had two translational and one rotational degree of freedom (in the 

midsagittal plane). An acceleration pulse (representing an ejection force) was applied at 

an angle to the midsagittal plane. The axial, shear, bending and displacement response 

of the spinal column was calculated and the effect of varying the angle of the applied 

ejection force was also investigated. 

Prasad and King (1974) produced a spinal model with 24 vertebrae. The head and the 

pelvis were all modelled as rigid bodies with three degrees-of-freedom in the mid-sagittal 

plane. Mass and moment of inertia data were obtained for each vertebra by measuring 

cadaveric segments. The model was validated with experiments using three human 

cadavers by applying an acceleration input to the pelvis whilst the top of the head 

remained stress free. The force was measured between segments using an 

intervertebral force load cell. 
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2.6.3 Models of the human spine-neck-head (and helmet) 

2.6.3.1 introduction 

There has been some development of biodynamic models to predict motion at the spine, 

neck and head. Belytschko ef a/. (1976) conducted a study into head-spine dynamics. 

The three dimensional model produced was the foundation for many later models, such 

as those developed and applied by Privitzer and Kaleps (1990) and Kitazaki (1991). 

2.6.3.2 Beiytschko 

Belytschko e^a/. (1976) developed a three-dimensional discrete model of the human 

spine, torso and head for the primary purpose of evaluating mechanical response in pilot 

ejection. It was developed in sufficient generality to be applicable to the response of 

arbitrary loads on the head-spine system, with no restriction on the distribution or 

direction of applied loads on the measured responses. 

The body's anatomy was modelled as a complex collection of rigid bodies representing 

the skeletal system (e.g. vertebrae, pelvis and head). These were interconnected by 

deformable elements representing ligaments, cartilaginous joints, viscera and other 

connective tissues. The complete model was highly complex, however, it was modular in 

format enabling various components to be omitted or replaced by simplified 

representations. 

The model was constructed with rigid bodies, spring elements, beam elements and 

hydrodynamic elements and was the foundation for many future models. A brief 

description of each element used is given below: 

(!) Rigid bodies 

Each rigid body had both translational and rotational inertia and could be orientated in 

three dimensional space, undergoing arbitrarily large rotations and translations. 

(ii) Spring elements 

A spring element is a deformable element with only axial stiffness which may 

interconnect any two nodes of the system. 
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(iii) Beam element 

A beam element has axial stiffness, torsional stiffness and bending stiffness and may 

interconnect any two nodes. 

(iv) Hydrodynamic Element 

A hydrodynamic element is a pentahedron, with the two opposing triangular faces 

considered to be rigid. The element is used for modelling components of the body that 

exert resistance primarily to compressive deformations. 

The model was used primarily to study the effects of the rib cage and viscera on spinal 

response. However, due to the modular nature of the model it was possible to model 

the head and neck with the torso, rib cage and spine etc. removed. Figure 2.10 shows 

the approximate geometry of the model in this format. 

+ 

Figure 2.10 Cervical spine/head model (Belytschko et al., 1976) 

In the cervical spine-head model (ribs, viscera and thoracic/lumbar vertebrae removed) 

adjacent vertebrae were connected by elements representing the disk, the interspinous 

ligaments and the articular facets. The vertebrae were represented by rigid bodies, the 
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disks by beam elements, the ligaments by spring elements and the articular facets by 

hydrodynamic elements. Beam elements were also added to represent the cervical 

musculature. The head was modelled as a single rigid body joined to vertebra C2 by a 

beam element (C1 was omitted from the model). As this model was intended for pilot 

ejection simulations a restraint system and seat were also included in the model. These 

were represented by a series of spring and beam elements. 

The geometrical dimensions of the mode! were scaled to conform to the measured 

averages of Lanier (1939) by Schultz and Galante (1970). The model also assumed that 

rotation only took place in the mid-sagittal plane. The material properties used in the 

model were determined from a wide variety of sources. Some estimations were also 

made. For example, vertebral disk stiffnesses were determined using experimental data 

and an approximation based upon the assumption that the stiffness varies in relation to 

the vertebral level geometry, Inertial properties of the cervical spine were obtained by 

distributing the mass uniformly at each vertebral level. The mass of the head was 

chosen to be 4,6 kg and the moment of inertia 400 kgcm^. This was based upon the 

anthropometric dummy measurements of Bartz (1972). 

The model was also used to represent the effect of additional head loading. A helmet in 

the model was assumed to be rigidly connected to the head. Hence the moment of 

inertia and mass of the helmet were simply added to that of the head. The helmet mass 

used was 1.4 kg with a moment of inertia of 100 kg.cm^. The model was also used to 

illustrate the effect of an eccentric head loading upon the spinal response, representing 

a helmet-mounted device. This was achieved by including a rigidly connected 0.9 kg 

mass located 0.102 meters from the mid-sagittal plane. 

Solutions to the model were obtained by calculating equations of motion for each 

element. These were solved using explicit and implicit time integration methods and by 

using modal techniques. 

The model was used to predict the response of the spine, rib cage and complete model 

under ejection conditions (10Gz). The rib cage model was tested under frontal impact 
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conditions. Modal analyses were conducted on various parts of the model to obtain a 

better understanding of the dynamic response properties of the body. 

Figure 2.11 Head-helmet representation (Belytschko et al. 1976) 
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The neck-head-helmet model was used to study the effect of increased head loading. It 

was discovered that the force levels in the cervical spine were significantly greater when 

a 0.9 kg mass was added to the centre of gravity of the head. 

In summary, the model developed by Belytschko et al. (1976) is complex. Due to the 

large number of elements in each section of the body it required a large amount of 

computational power to solve the equations of motion that were developed. Whilst it has 

potential for examining a wide variety of dynamic environments it should perhaps be 

viewed as a qualitative aid to understanding. The model was not verified with 

experimental data and, due to the wide scatter in the population, it would be deceptive to 

treat the output from the model in an absolute sense. 

The helmet used in the model was assumed to move with the head. However, the 

authors did suggest an alternative head-helmet model, using springs to model the head-

helmet interface at the scalp. Although this model never came to fruition the concept is 

shown in Figure 2.11. 

2.6.3.3 Privitzer 

Privitzer and Belytschko (1980) further developed the head-spine model of Belytschko et 

al. (1976) by incorporating a more detailed representation of the viscera-abdominal wall 

system and determining damping parameters with greater accuracy. The model was 

also compared to experimentally obtained driving force impedance data of human 

volunteer subjects (a quantity that provides information as to the excitation frequencies 

at which the maximum mechanical energy is transmitted into the body). The modified 

model, which included the viscera, was found to be in much better agreement with an 

experimentally obtained impedance curve produced by Vogt et al. (1968) than the earlier 

model produced by Belytschko et al. (1976). 

Privitzer and Settecerri (1987) used the head-spine model developed by Belytschko et 

a/. (1976) to study the inertia! loading effects on the neck and upper spine associated 

with head or helmet-mounted systems. This was done as a means of estimating risk of 

injury in pilot ejection scenarios. 
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The model used a generic helmet, with a mass of Ikg and moment of inertia of 

lOOkg.cm^. It was assumed that the centre of gravity of the helmet was coincident with 

the head and that the helmet was rigidly connected to the head, thus the inertia! 

properties were added directly to those of the head. The excitation input to the model 

was a half-sine acceleration profile, applied in the vertical direction and peaking at 17g 

after 150ms. The model identified a linear relationship between head encumbrance at a 

fixed location on the head and the risk of spinal injury. As the additional mass applied to 

the head (representing a helmet) increased, the risk of spinal injury increased. 

Privitzer and Kaleps (1990) in a program investigating the inertial load effect of head-

mounted devices used the 3-dimensional mathematical representation of the human 

head-spine torso structure developed by Belytschko et al. (1976). This was used to 

evaluate the severity of the inertial loading associated with five helmet plus mask 

configurations and the inertial loading caused by generic head-mounted devices when 

applied with a simulated aeroplane pilot ejection procedure. It was discovered that the 

loads developed in the neck and spine increased with increasing head loading and that 

the inertial loading effects of the head-mounted devices became increasingly more 

severe as they were located further, particularly anteriorly, from the head centre of 

gravity. 

In each application of the original head-spine model (Belytschko et al. 1976) a series of 

simultaneous equations of motion were derived, using mass, stiffness and damping 

matrices and by considering the boundary conditions at the edge of each element. 

Computational finite element packages, such as Ansys, are now available to calculate 

and solve equations of motion, stiffness matrices etc. and produce, if required, modal or 

harmonic data. 

Modelling the human head-neck system using finite element analysis requires an 

anatomical model of bone, cartilage and soft tissue. Such models can be enormous and 

sometimes overcomplicated. However, by introducing some lumped parameters, a 

manageable model can be achieved. Consequently, other authors have simplified the 

complex model developed by Belytschko ef a/. (1976) into lumped parameter models. 
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2.6.3.4 Kstazaki 

Kitazaki (1991) simplified the continuum spine model developed by Belytschko and 

Privitzer (1978) for pilot ejection problems and adapted it for more comprehensive 

vibration problems. The simplified model was entirely linear, although the real human 

structure probably has non-linear characteristics such as stress stiffening of the lumbar 

disks and hysteretic damping of the viscera. The model used lumped parameters to 

represent sections of the human body. The spinal column was modelled by a series of 

beam elements representing the spine S1-L3, L3-T10, T10-T1 and T1-C2, with each 

element having axial stiffness and bending stiffness but no mass. The motion of the 

viscera was assumed to occur only in the axial direction and was modelled by three 

mass elements with translational and rotational inertia at the L5, L3 and LI level 

interconnected by rod elements with axial stiffness only. The head and pelvis were 

modelled by elements with translational and rotational inertia and connected, 

respectively, to the top of the spine at the C2 level and the bottom of the spine at the SI 

level by rigid links. 

Modal analysis was conducted to determine the natural frequencies and mode shapes of 

the system. Eight modes of vibration were extracted at frequencies below 20Hz. They 

were dominated by a bending mode of the spine, with head fore-aft motion at 0.9Hz, a 

visceral mode at 3.9Hz and a buttocks mode at 5.39 Hz with vertical motion of the head. 

This model rigidly connected the cervical spine to the head and consequently was 

unable to show a pitching motion of the head. 

2.6.3.5 Harvey 

Harvey (1990a) developed a very simple lumped parameter model of the human head-

neck system after consideration of the experimental 3-D head transmissibility data 

gathered by Paddan (1990). Also considered was the range of movement achievable by 

the human cervical spine from consideration of its anatomy and the frequencies of the 

spinal axial and flexural mode resonances as reported by Belytschko et al. (1976) and 

Prasad and King (1974), Harvey assumed that translations of the head are caused by 

flexion-extension of the cervical spine or translation of the whole structure due to flexural 
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and axial modes of the lower spinal regions. This occurs because the anatomy of the 

head does not allow much translation of the head relative to the axis or atlas vertebrae. 

crown 

front 

centre of mass 

Figure 2.12 Simple model of the human neck-head-helmet system (Harvey, 1990a) 

The cervical spine was modelled with two elements only, thus allowing the head to 

translate in both the x and z-axes. The influence of the lower spine was included in the 

model by grounding the base of the model with two longitudinal springs orientated in the 

X and y direction. The head was modelled as an area with the appropriate centre of 

mass and mass moment of inertia about the atlanto-occipital joint. This joint was 
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modelled as a pin-joint of known rotational stiffness. The form of the model can be seen 

in Figure 2.12. 

The model parameters used in Harvey's model were based upon known physiological 

values where possible, as shown in Table 2.2, but some values were adjusted to make 

the output of the model more compatible with measured results. The source of the head 

moment of inertia parameter value is not explained. However, the tabulated value of 

393.4kgm^ is not correct. It is thought that the rotational stiffness of the springs in the 

spine are incorrect as a result. 

A modal and harmonic analysis was conducted upon the model. Two of the resulting 

modes corresponded with the data measured by Paddan (1990) at frequencies below 10 

Hz. 

Harmonic analysis of the Harvey model produced transmissibilities at the front and back 

of the head in the vertical direction, at the chin and crown in the fore-aft direction and at 

the head centre of mass in the vertical and fore-aft directions. However, the 

transmissibilities obtained in the measured and predicted cases were not compared due 

to the different forcing functions. The model assumed the forcing function to be at the 

neck and to be uni-directional and of constant amplitude. In reality the measured data 

had a forcing function at the seat. Consequently the forcing function at the neck would 

depend upon the transmissibility from the seat to the neck and would not be uni-

directional or constant at that point. 
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Table 2.2. IVIodel parameters used in the neck-head model by Harvey (1990) 

Head mass 6.35 kg 

Body mass 100 kg 

Head moment of inertia 393.4 kg.m^ 

Longitudinal stiffness K1 = 6600 N.m-̂  

K2 = 6600 N.m'̂  

Rotational stiffness = 252600 N.m.rad-' 

= 10000 N.m.rad'^ 

= 10000 N.m.rad"" 

Mode damping x1 = 0.0 % 

(z base to x head) x2 = 0.0 % 

x3 = 7.0 % 

x4 = 5.0 % 

IVIode damping z 1 = 0 . 0 % 

(z base to z head) z2 = 10.0 % 

z3 = 10.0 % 

z4 = 23.0 % 

2.6.3.6 Woodman 

Woodman (1994) developed two biodynamic models for the neck and head system. 

These were almost identical to the earlier model by Harvey (1990) with some changes 

made to the model parameters (using more realistic values of head moment of inertia 

and torsional spring stiffness). It comprised a combination of point masses, rotational 

springs, longitudinal springs and quadrilateral areas. The form of the model is shown in 

Figure 2.11 (as Harvey's model) and a table of the parameters used in the two models 

can be seen in Table 2.3 

Rotational springs were located at the atlanto-occipitai joint, C7 and at a point-mid-way 

between C2 and C7. As in the model developed by Harvey (1990a), the centre of mass 

of the head was placed 0.0172m fonward and 0.0364m above the atlanto-occipitai joint. 
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Table 2.3. Parameters used in the two neck-head biodynamic models by Woodman 

(1994) 

Parameter Model 1 Model 2 

Head mass 6.35 kg 6.35 kg 

Head moment of inertia 393.4 kg.m" 0.02 kg.m^ 

Rotational springs Arg),: 252600 N.m.rad-1 

kO^ = 6600 N.m.rad"^ 

= 1000 N.m.rad"' 

= 2500 N.m.rad-' 

= 10000 N.m.rad'^ 

= 10000 N.m.rad'^ 

Modal analyses were conducted on both models without the longitudinal springs at the 

base of the neck (removing the representation of the lower spine). There were three 

main modes of vibration as a result of this for each model. These are summarised in 

Tables 2.4 and 2.5. 

Table 2.4. Frequencies and mode-shapes extracted from the neck-head biodynamic 

model by Woodman (1994) - model 1. 

Frequency Description of mode-shape 

0.56 Hz Head pitching about base of neck (C7) 

15.7 Hz Head pitching about base of neck (C7) 

57.3 Hz Head rotating about pivot point midway between 

C2 and C7 

Table 2.5. Frequencies and mode-shapes from the neck-head biodynamic model by 

Woodman (1994) - model 2. 

Frequency Description of mode-shape 

3.9 Hz Head rotating about base of neck (C7) 

8.5 Hz Head pitching about atlanto-occipital joint 

13.3 Hz Neck bowing about the mid-way point between C2 

and C7 

The results of the second model were compared with objective data of surface 

accelerations of the head measured during whole-body vibration (Paddan and Griffin 
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1992). The model was found to represent the fore-aft motion of the head, although the 

frequencies of the modes obtained in the model were slightly lower than in the 

experimental data. The vertical vibration of the head at about 4 Hz appeared to 

represent pitching of the head in the model at 3.9 Hz; the vertical motion reported at 4Hz 

by Paddan and Griffin (1992) was not present in the model and was assumed to be due 

to the motion of the lower spine. However, the model was compared only to power 

spectral data and not data with specific mode shapes. In addition to this, a harmonic 

analysis was not conducted upon the model and consequently experimental head-to-

helmet transmissibility was not compared with analytical transmissibility data from the 

model. 

Woodman (1994) also proposed a new model which included a helmet. Although this 

proposal was not developed the form of the proposed model can be seen in Figure 2.13. 

In a later study Woodman and Griffin (1995) developed a simple biodynamic model of 

the head and helmet system using the results of experimental studies. The model was 

comprised of a combination of elements: point masses, beam elements and quadrilateral 

areas. The scalp coupling between the head and helmet at the front and rear of the head 

was modelled using beam elements. The stiffnesses of these elements was determined 

by calculating the value of the shear stiffness of forehead skin Woodman (1995b). 

As there appeared to be little slip between the helmet cushion and the scalp, it was 

assumed that the motion between the head and helmet was due to movement of the 

scalp at the front and back of the head. The relative motion in the vertical and pitch axes 

was not considered to be due to movement of the helmet lining. In this model, relative 

motion between the head and helmet in the fore and aft direction was constrained as the 

head was assumed to be always in contact with the helmet and there was assumed to 

be no compression of the scalp or helmet lining. 
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Figure 2.13 Proposed model of human head-neck-helmet system (Woodman, 1994) 

42 



Table 2.6. IVIudel parameters for the head-helmet model 

Head Helmet Scalp beam 

elements 

Mass (kg) Moment of Mass Moment of Young's Length 

inertia (kg) inertia Modulus (m) 

(kg.m^) (kg.m^) (N/m) 

4.632 0.002 variable variable 1.1E4 3.0E-3 

The results of the model showed that when helmet mass was increased from 1.4 to 4.2 

kg the frequency of the peak in the transmissibility between pitch head motion and pitch 

helmet motion decreased from approximately 10 to 5Hz. Increasing the moment of 

inertia decreased the frequency of the peak transmission of pitch vibration from the head 

to the helmet in the frequency range from 2 to 12 Hz. It was also found that as helmet 

inertia increased it was necessary to consider the effect of the helmet on the head 

motion. 

2.7 CONCLUSIONS 

This literature review has concentrated on two main aspects of work: the measurement, 

quantification and analysis of motion of the human neck, head and the helmet (where 

appropriate) and biodynamic modelling of the neck-head-helmet system. 

Helmets are worn in a number of different dynamic environments and consequently the 

vibration frequency, magnitude and point of entry to the body can vary. Studies have 

shown that when running whole-body vibration is self-induced and the vibration 

magnitude can exceed those recommended from a laboratory shaker platform according 

to ISO 2631. When jumping, the excitation into the body is impulsive resulting in 

transient motion of the head and helmet (if worn). In vehicles the vibration input is 

usually through the buttocks and is often of an approximately steady state nature. In 

some helicopters, however, the frequency of vibration transmission is dependent upon 

the main rotor blade passing frequency and motion of the head and helmet dominates at 

these frequencies. In the laboratory it has been shown that head motion is induced by 

vertical whole-body vibration and a number of external variables can influence measured 

motion of the head. These include differences in the subject population (age, weight etc), 
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posture and the use of a backrest. Therefore, careful observance is required by the 

experimenter when conducting this type of study maximise repeatability. The use of 

multiple subjects and statistical analysis of the results is also usually required. 

The papers reviewed in the preceding pages have shown that motion of the head occurs 

in all of the above conditions (i.e. running, jumping, in vehicles and from whole-body 

vibration). Whilst there were some studies investigating motion of the head in a dynamic 

environment fewer studies were available which had also investigated helmet motion. 

However, the few studies that did investigate helmet motion have shown that motion of 

the helmet on the head does occur with the helmet either moving with or relative to the 

head depending upon the condition and frequency. It is therefore reasonable to assume 

that in all dynamic conditions where head motion occurs helmet motion is also likely to 

occur. There is therefore scope to quantify how the helmet moves on the head in these 

conditions (i.e. the direction, frequency and magnitude of motion). 

When walking, the vertical motion of the head was greater than the fore-aft and lateral 

components of head motion. Walking speed is approximately proportional to the 

magnitude and frequency of the dominant vertical and pitch head acceleration. It was 

found that when wearing a helmet, the head acceleration was reduced in the frequency 

range between 2 and 5Hz. A linear relationship was established between jumping height 

and vertical acceleration of the head. No studies were found investigating helmet motion 

when jumping. 

In whole-body vibration experiments most rigid-body motion of the head and helmet was 

located at frequencies below 10Hz. In this frequency range, helmet pitch acceleration 

was generally greater than head pitch acceleration. One study investigating the head 

response to vertical whole-body vibration identified three resonances of the head; at 3, 

4.5 and 6.5Hz. Studies investigating the effect of helmet mass on head and helmet 

motion have shown that the transmissibility of pitch acceleration from head to helmet 

decreased with increasing helmet mass. One study has also shown that the peak in this 

frequency is partially controlled by the shear stiffness of the skin at the head/helmet 

coupling point on the scalp. This would suggest that there is a mode of vibration of the 
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helmet on the head. It is hypothesised that the frequency of this mode is controlled by 

helmet mass and scalp stiffness. 

Studies investigating the effect of helmet mass and distribution of mass on motion of the 

neck and head, particularly during pilot ejection scenarios, have shown that as helmet 

mass increases, the forces and moments in the neck-head system (and consequently 

risk of injury) can increase. This is particularly associated with forward shifts in the 

helmet centre of gravity. 

There have been a number of mathematical models developed to represent the spine, 

the spine-neck-head and the head and helmet in a number of simulated dynamic 

conditions. All head-helmet models, with the exception of the simple model by Woodman 

and Griffin (1995) have assumed that the helmet is rigidly attached to the head. This is 

an over-assumption in all instances except at very low frequencies as experimental work 

has shown that the stiffness of the skin at the forehead can affect head to helmet pitch 

transmissibility. 

The scope of the work in this thesis was therefore to quantify head and helmet motion in 

running and jumping conditions. The justification for this is that head motion occurs when 

running and jumping and consequently there must also be motion of the helmet (if worn). 

The lack of suitable background literature in this area also makes it a suitable target for 

investigation. There is scope to further investigate the relationship between the scalp-

helmet coupling and helmet mass upon the frequency of helmet pitch motion and their 

relationship with a hypothesised mode of vibration of the helmet on the head. There is 

also scope to use experimental findings to assist in the development of a new mode of 

the neck-head-helmet system, representing the helmet as an element independent to 

the head. 
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CHAPTER 3. HEAD AND HELMET MOTION WHILST RUNNING 

J.V //VTROOUCr/O/V 

Compared with whole-body vertical vibration when seated, the motions occurring 

during running and walking are clearly complex. The pelvis oscillates in the xz and xy 

planes with alternate steps to a marked degree and the abdominal muscles are 

probably under greater tension than would be experienced in whole-body vibration 

(Sandover, 1975). 

There have been various studies to investigate the effects of walking on acceleration 

at different parts of the body and the transmission of vibration between them. 

Concern was expressed regarding the level of vibration that was produced in walking 

or running conditions compared with the whole-body vibration levels that were 

obtained from agricultural and industrial machinery and vehicles (Sandover, 1975). 

The literature review in Chapter 2 showed that studies investigating the effect of a 

helmet on head motion whilst running are scarce. However, movement of the head 

alone when running is relatively well documented. Many studies show vertical 

acceleration of the head to be the dominant translational motion which tends to 

increase in both magnitude and frequency as the running speed increases (Capozzo, 

1982). 

Previous researchers have made reference to the apparent 'self-induced vibrations' 

that occur when walking (Simic, 1970, Capozzo, 1982). It has been shown that the 

levels of whole-body vibration that occur within the body when running are much 

greater than maximum recommended at a vibrator platform (Sandover, 1975). It 

would appear that the human body has a unique way of balancing the body when 

running to conserve energy and to run in a smooth and co-ordinated manner. It is 

suggested that the head, which moves sinusoidally in the fore-aft direction and 

increases in magnitude with increasing running speed could act in a similar manner 

to a dynamic absorber in a mechanical system. 

One study investigating the effect of a helmet on head motion showed that wearing a 

helmet increased the magnitude of the dominant vertical and pitch head acceleration 

which occurred at the stepping frequency and tended to reduce head accelerations 

over the frequency range between 2 and 5 Hz (Woodman, 1995a). 
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The aims of this study were to further investigate head and helmet motion whilst 

running. In particular a comparison has made between head and helmet motion in 

each direction of motion in the frequency domain and the relationship between 

motion of the head and motion of the helmet when running has been studied. 

A series of experiments has been conducted with running subjects. The subjects 

wore a standard British Army Mk VI Combat Helmet and a prototype helmet, both 

supplied by the Defence Clothing and Textiles Authority. The prototype helmet was 

designed around a Mk VI helmet but with modifications to allow for the provision of 

ear defenders and cheek pads. The motions of the head and helmet were measured 

using a bite- bar and helmet bar and the prototype helmet was used to determine the 

effect of chin straps, ear defenders and cheekpads on the measured motions of the 

head and helmet. 

3.2 /A/SrRUMEA/TjA T/O/V 

Head motion was measured using an instrumented bite-bar. Helmet motion was 

measured using a similar instrumented bar. The masses of the bite-bar and helmet-

bar, including accelerometers, were 180g and 90g respectively. 

The instrumented bars housed six translational accelerometers to measure six axes 

of motion of the head and helmet. Rotational accelerations (roll, pitch and yaw) were 

determined from signals provided by pairs of translational accelerometers. Miniature 

Entran EGCS piezo-resistive accelerometers were used in the bite-bar and helmet 

bar. These were conditioned by a 16 channel HVLab Techfilter system and the data 

was acquired and processed using HVLab software. 

3.3 EXPERIMENTAL METHOD 

Twelve male subjects (median age 24 years 8 months, weight 74.63 kg and height 

181.8cm) participated in the experiment. Measurements were made whilst running 

on the spot^ at a rate of 120 steps per minute in durations of one minute. The helmet 

was fitted to the head with the chin strap securely fastened. 

' Running-on-the spot conducted to provide controllable experimental conditions- it is not 

known how closely this represents 'genuine' running. 
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A total of five helmet conditions were tested. These were a British Army Mk VI 

combat helmet and the prototype helmet in four configurations. These were with 

chinstrap, ear defenders, cheekpads and witii all three combined. 

Subjects were asked to wear standard issue Army assault combat boots and socks 

during the running experiment as previous studies have shown that wearing boots 

reduces the acceleration magnitude at the head and helmet. The subjects were 

instructed to run on the spot in time to a metronome, lifting their knees and 

contacting the floor first with their toes. 

Data acquisition and analysis were conducted with a HVLab Techfilter system. The 

data acquisition sample rate was 256 samples/s and the data were filtered at 100 Hz. 

The accelerations at the head and helmet were determined for the full 60 second 

period of running. Spectra were determined with a resolution of 0.25 Hz, giving 64 

degrees of freedom. 

3.4 CALIBRATION 

The accelerometers were calibrated using three types of test. The first calibration 

was a static test which involved turning the sensitive axis of the accelerometer 

through the Earth's gravitational field (±1g). The second calibration was a jerk 

calibration to determine the correct polarity of the system (e.g. accelerometer, 

cabling, signal conditioning, software package). The third calibration was a dynamic 

calibraiion to verify the relative sensitivities of the accelerometers. This was 

performed by shaking the accelerometers together in their sensitive axes. 

3.5 ANALYSIS 

The analysis conducted was based upon analysis of the individual time-histories of 

data measured on a single subject wearing the Mk VI combat helmet and the power 

spectral densities of the acceleration measurements made on subjects wearing the 

prototype helmet in its four different configurations. 

The power spectral densities were compared statistically at discrete frequencies 

using the Wilcoxon matched-pairs signed ranks test for statistical differences 

between individual conditions. 

Mean power spectral densities (of twelve subjects) were calculated. This function 

was used after comparison of individual subject power spectral densities. Inter-
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subject variability was found to be good and consequently it was considered 

acceptable to use the mean function. 

3.6 

The results of this study are presented in two sections, as acceleration time-histories 

and as power spectral densities. 

3.6.1 Ana lys i s of the accelerat ion t ime histor ies of a s ing le sub jec t 

The acceleration time histories, in all directions of motion, at the head and helmet are 

shown in Figure 3.1. 

Comparing head translational acceleration in all three directions, it can be seen that 

motion occurring at the head was approximately sinusoidal in all cases. Head vertical 

acceleration was near sinusoidal and was dominant showing motion occurring at 

2Hz, the running frequency. Acceleration of the head in the lateral direction had the 

lowest peak-to-peak amplitude and the greatest range of frequency content. 

Acceleration in the head fore-aft direction was periodic and repeatable, -

Rotational acceleration of the head was dominant in the pitch direction. The 

waveform shows a repeatable pattern of motion. However, the acceleration was not 

sinusoidal and a number of frequencies were contained within the waveform. Head 

roll and yaw motion were not insignificant, although of lower magnitude than head 

pitch acceleration. 

The helmet vertical acceleration was almost identical to the head acceleration in 

waveform shape and magnitude. This indicates that the head and helmet moved 

together in the vertical direction when running. The helmet fore-aft time-history 

showed repeatable but non-sinusoidal acceleration. When compared to the fore-aft 

head acceleration time history it can be seen that the head moved in opposite phase 

to the helmet and the helmet had greater acceleration amplitude. Rotational motion 

of the helmet was not dissimilar to rotational motion of the head. However, it is 

apparent that the peak-to-peak acceleration in the helmet pitch direction was greater 

than the peak-to-peak acceleration in the head pitch direction. 
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Figure 3.1 Time histories measured at the head and helmet of a single subject in six 

axes of motion (Mk VI Helmet with chinstrap fastened) 
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3.6.2 Results from the mean power spectral densities of head and helmet 

motion 

The mean power spectral densities of acceleration measured at the head and helmet 

of 12 subjects when running is shown in Figure 3.2. Each chart in the figure 

compares the power spectral density at the head and helmet in each direction of 

motion. 

The Wilcoxon matched-pairs signed ranks test for statistical differences between 

individual conditions was performed at frequencies identified as being 'of statistical 

significance' (p<0.05) from Figures 3.2 to 3.5. All observations and conclusions made 

in the remainder of this chapter were statistically significant. 

It can be seen in all directions that largest peak in power spectral density occurred at 

2Hz. This was the running excitation frequency. The pitch and lateral directions of 

motion also showed harmonics at 4, 6 and 8 Hz. Comparing charts for head and 

helmet in each direction of motion in turn shows that there was little difference in 

motion between head and helmet in the fore-aft direction. In the lateral direction there 

was more acceleration at the helmet than at the head at 2Hz. The head and helmet 

had similar levels of vibration at 2Hz in the vertical direction - indicating no 

attenuation or transmission in acceleration from head to helmet in this direction. 

In the rotational directions of motion acceleration was attenuated in the roll direction 

as it travelled from head to helmet and similar levels of yaw motion were seen at the 

head and helmet. It was apparent that at 2 and 4 Hz vibrational energy was readily 

transmitted to the helmet pitch direction. 

3.6.3 Comparison between head and helmet power spectral densities 

with differing helmet attachments 

Figures 3.2 to 3.5 show the mean power spectral densities of head and helmet 

acceleration in each direction of motion for the four configurations of helmet. 

Comparison of the figures enables the effect of individual helmet attachments (e.g. 

ear defenders, cheek-pads etc) to be determined. 

It can be seen that acceleration in the helmet pitch direction was dominant. Helmet 

pitch acceleration was invariably greater in amplitude than head pitch motion. This 

was true for all conditions, with the exception of condition 4 - all helmet fastenings 
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fitted together, in condition 4 helmet pitch motion was greater than head pitch 

motion, but to a smaller extent. This indicates that the chin strap, cheek pads and ear 

defenders all act together to reduce the pitch motion of the helmet. 

Motion at the head and helmet in the vertical direction occurred with approximately 

the same amplitude in all conditions. Translational acceleration was dominant in the 

vertical direction and it would appear that at the 2Hz driving frequency the helmet 

moved rigidly with the head. The presence of chinstrap, cheek pads and ear-

defenders had little effect upon vertical helmet motion at this frequency. 

Extra helmet attachments had little effect in reducing relative fore-aft acceleration 

between head and helmet. It was not possible to discern a difference in magnitude 

between power spectral densities of head and helmet in this direction. 

Insignificant levels of lateral head acceleration were measured. However, in all 

conditions a greater magnitude of helmet lateral acceleration was seen (at 2 Hz), 

although the amplitude of this was insignificant when compared to other motion 

occurring in the fore-aft and vertical directions. The helmet attachments did not 

reduce the amplitude of the motion in this direction. 

Head roll motion was of greater amplitude than helmet roll motion. However, both ear 

defenders and cheek pads reduced these relative differences. Ear defenders 

reduced the level of head yaw motion relative to the helmet. However, roll and yaw 

motion, in all conditions, were of a much smaller amplitude than pitch motion of the 

head and helmet. 
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3.7 O/SCL/SS/OA/ /l/VO CO/VCLUS/O/VS 

These initial experiments have shown that both translational and rotational motion of 

the head and helmet occurred when running. The greatest amount of acceleration, in 

all directions of measurement, occurred at the running speed or excitation frequency. 

This agrees with the work conducted by Rao and Jones (1974), who identified a peak 

in head motion at between 1.2 and 2Hz when walking and relates to the conclusions 

of Capozzo (1982) who noted that vertical acceleration of the head shifted towards 

higher frequencies as walking speed increased. 

Vertical acceleration was found to be the most dominant translational acceleration of 

the head, followed by fore-aft and lateral acceleration. The power spectral density 

amplitudes of the motion at 2Hz were in approximate agreement with the z:x:y = 

1:0.8:0.5 ratio found by Simic (1970). Consequently, the vertical component of head 

acceleration was very much greater than the horizontal component, as shown also 

by Cappozzo (1982). The head vertical acceleration was near sinusoidal, indicating 

that vibration is transmitted through from the legs through the spine and into the head 

with little attenuation. All other directions of motion showed time-histories with a 

regular continuous pattern, but with a greater spectral content. 

Rotational acceleration of the head and helmet was most dominant in the pitch 

direction, showing that the dominant motion of the head and helmet occurred in the 

mid-sagittal plane (in the pitch, fore-aft and vertical directions). The helmet moved 

rigidly with the head at 2Hz in the vertical direction. In the fore-aft direction the 

helmet and head had an approximately equal amplitude, but appeared to move in 

opposite phase. This would indicate the possibility of a mode of vibration of the 

helmet on the head. Further investigation is required, however, to confirm this. Pitch 

motion of the helmet was, in most cases, considerably greater than head pitch 

motion at 2 and 4 Hz. However, helmet pitch motion was significantly reduced when 

cheekpads and ear-defenders were fitted to the helmet. 
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CHAPTER 4 HEAD AND HELMET MOTION WHILST JUMPING 

/ /V7R00UC770A/ 

Jumping introduces shocks and impulses into the body and skeletal system which are 

unlike the periodic signals seen when walking and running. It could be proposed that the 

acceleration response at the head and helmet (if worn) would produce a greater 

acceleration and displacement when jumping than in any of the other ambulation 

conditions due to the additional shocks introduced into the body that are not present 

when walking or running. 

The previous chapter has shown that movements of the head and helmet are dominated 

by pitch motion and motion in the mid-sagittal plane at frequencies equivalent to the 

running excitation frequency. 

This chapter has continued the work of the previous chapter by investigating the motion 

of the head and helmet under jumping conditions. Two experiments were conducted to 

investigate the motion occurring at the head and helmet when jumping-on-the-spot and 

transient jumping from height. 

4.2 EXPERIMENT 1. HEAD AND HELMET MOTION WHILST JUMPING-ON-

THE-SPOT 

4.2.1 Introduction 

This first experiment was conducted to investigate the effect of jumping rate and helmet 

type and condition on the motions of the head and helmet. Twelve male subjects were 

used in the experiment and they were asked to jump-on-the-spot in time to a metronome 

at rates of 80, 100 and 120 steps per minute. Three experimental conditions were 

tested: no helmet, Mk VI combat helmet with chin strap fastened and prototype helmet 

with chin strap fastened. It a suitable hypothesis was; fitting a helmet to the head would 

result in a reduction in head acceleration and the peak in power spectral density 

measured at the head and helmet would occur at a frequency equivalent to the initial 

jumping rate. 

56 



4.2.2 Ins t rumenta t ion 

Head motion was measured using an instrumented bite-bar (see Figure 2.2). This was 

modified to allow for the chin bar on the prototype helmet. Consequently head motion 

was measured at the chin in these experiments, IVlotion of the helmet was measured 

using a similar bar. Figure 4.1 shows the approximate location of the bite-bar on the 

head. 

Helmet-bar 

Bite-bar 

Figure 4.1 Location of helmet and bite-bars. 

4.2.3 Experimental method 

Twelve subjects participated in the experiment. They were all students or members of 

staff of Southampton University in the age range between 18 and 25 years with no 

medical conditions and no history of back or leg injury or pain. Measurements were 

made in the three following helmet conditions: 

1. no helmet 

2. standard Mk VI Combat Helmet with chin strap fastened 

3. prototype helmet (supplied by the DCTA) with chin strap fastened 

The subjects were asked to wear standard-issue Army assault combat boots and were 

instructed to jump on-the-spot in time to a metronome, at 80, 100 and 120 steps/min for 

57 



durations of half a minute with each helmet condition. Subjects were asked to 

concentrate on their jumping style; keeping both feet together, landing on their toes and 

keeping their knees as straight as possible. 

The order of presentation of the three conditions was balanced across subjects using 

the Latin squares method. 

Data acquisition and analysis were conducted using an HVLab Techfilter system. The 

data acquisition sample rate was 100 samples/sec and the data were filtered at 30Hz. 

The accelerations at the head and helmet were determined for the full 30 second period 

of jumping. Spectra were determined with a resolution of 0.25Hz, giving 48 degrees of 

freedom. 

4.2.4 Calibration 

Miniature Entran EGCS piezo-resistive accelerometers were used in the e)^periment as 

these are capable of accurate low frequency measurements. They were calibrated using 

two methods. The first calibration was a static test which involved turning the sensitive 

axis of the accelerometer through the Earth's gravitational field (± 1g) and adjusting the 

gain and offset as required. The second calibration was a dynamic calibration to verify 

the relative sensitivities of the accelerometers. This was performed by shaking the 

accelerometers together in their sensitive axes. 

4.2.5 Analysis 

Power spectral densities were calculated for each subject, in each direction of motion. 

Data were analysed in the mid-sagittal plane directions only (i.e. fore-aft, vertical and 

pitch) at both the head and helmet. 

Each power spectral density was compared statistically for each direction at discrete 

frequencies across all twelve subjects using the Friedman two-way analysis of variance 

test for overall statistical differences between all three conditions and the Wilcoxon 

matched-pairs signed ranks test for statistical differences between individual conditions. 

A criteria of 5% (i.e. p<0.05) was required for statistical significance and differences 

outside this criteria are not included in the discussion in the results section below. 
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Mean power spectral densities (of twelve subjects) were calculated. This function was 

used after comparison of individual power spectral densities. Inter-subject variability was 

found to be good and consequently it was considered acceptable to use the mean 

function. 

4.2.6 Results 

4.2.6.1 Effect of jumping rate 

Figures 4.2, 4.3 and 4.4 show the variation in head and helmet motion for each helmet 

condition (no helmet, Mk VI helmet and prototype helmet, respectively). Each figure 

shows the mean data from twelve subjects in each direction of motion. The response to 

each jumping rate in each direction of motion at frequencies between 0 and HOHz is 

shown in each graph. 

Figure 4.2 shows the effect of jumping rate in each direction when a helmet was not 

worn. It is apparent, in each direction of motion, that a peak in the power spectral density 

occurred at each jumping rate. In the head pitch direction significant peaks from 

harmonics were also seen at higher frequencies. 

i 
0. 

head pitch 

0 x>» 

head x head z 
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Figure 4.2 Effect of jumping rate on head motion (no helmet, mean of 12 subjects) 
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Figure 4.4 Effect of jumping rate on head and helmet motion (prototype helmet, 

mean of twelve subjects) 
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The head response when the Mk VI helmet and prototype helmets were worn (Figures 

4.3 and 4.4) was consistent with the response obtained when no helmet was worn. A 

peak in the power spectral density was present at frequencies representative of each 

jumping rate. The amplitudes of motion in the head and helmet pitch and vertical 

directions were greater than the amplitudes in the fore-aft axes. The response in the 

pitch direction at the head and helmet showed some harmonics of the fundamental 

jumping frequency. In most directions of motion the magnitude of the motion at the 

jumping frequency increased with jumping rate. 

4.2.6.2 Effect of helmet type 

Figures 4.5, 4.6 and 4.7 show the changes that occurred to the response of the head 

when a helmet was worn. Each figure shows the median data from twelve subjects in 

each direction of motion at discrete frequencies. The difference between helmet 

conditions in each direction of motion at frequencies between 0 and 10Hz is shown. 

At 80 jumps/min (Figure 4.5) placing a helmet on the head did not significantly increase 

the head vertical acceleration. Head fore-aft acceleration increased substantially when 

either helmet was placed on the head. Placing a helmet on the head did not change the 

power spectral density at the head in the pitch direction at the jumping frequency. It did, 

however, reduce the head pitch acceleration amplitude at frequencies between 2.5 and 

10Hz (harmonics of the jumping frequency). 

When comparing differences in helmet motion due to the type of helmet, it was apparent 

that the greatest amount of helmet acceleration at 2,5Hz at the helmet in the vertical 

direction occurred when the prototype helmet was worn. The greatest amount of 

acceleration at 1.3, 2.5 and 4.5Hz in the helmet fore-aft and helmet pitch directions 

occurred when the Mk VI helmet was worn. These differences are probably attributed to 

differences in the mass and distribution of mass on the two helmets. 

At 100 jumps/min (Figure 4.6) adding a helmet to the head reduced the head pitch 

acceleration at frequencies between 3 and 7Hz. 
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Figure 4.5 Effect of helmet type on head and helmet motion at 80 jumps/min (mean of 12 
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Figure 4.6 Effect of helmet type on head and helmet motion at 100 jumps/min 

(mean of 12 subjects) 
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At 120 steps per minute acceleration in the head vertical direction was not affected by 

helmet condition. In the head fore-aft direction, the Mk VI helmet condition had greater 

acceleration at 2Hz (the excitation frequency) than the prototype helmet. In the head 

pitch direction the Mk VI helmet was dominant at 2Hz. The no helmet condition 

dominated at 4 and GHz. 

There were peaks in the acceleration of the helmets in the vertical direction at 2 and 4Hz 

(excitation frequency and 1st harmonic) with the prototype helmet dominant in both. 

Helmet fore-aft motion showed significant peaks in power spectral density at 2 and 4Hz 

and showed the Mk VI helmet to be dominant over the prototype helmet. The prototype 

helmet had dominant acceleration in the pitch direction at 2 and 4Hz. 
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4.3 EXPER/AfEA/r 2. THE EFFECT" OF TR/l/VS/EA/r JUMP//VG FROAf 

0 /FFEREN7 HE/GHTS ON HE/»0 X&ND HELMET M07/0Af 

4.3.1 Introduction 

In the second jumping experiment, subjects were asked to jump from three different 

heights onto a concrete floor in two experimental conditions (no helmet and prototype 

helmet). The transient response produced at the head and helmet (if worn) was 

analysed in the mid-sagittal plane directions. 

4.3.2 Method 

The same subjects were used in the second experiment as in the first jumping 

experiment. Two experimental conditions were used: subjects wearing no helmet and 

subjects wearing the prototype helmet. Each subject was asked to jump six times from 

each of three heights: 20, 40 and 60cm landing onto a concrete floor, for each of the two 

helmet conditions. Data were measured at the head and helmet in the same way as the 

first experiment. 

4.3.3 Analysis 

Each jump produced a transient time-history similar to the one shown in Figure 4.7. The 

most convenient method of analysing the data was considered to take the peak of the 

time-history (showing the maximum response at the particular location in the direction of 

measurement) and calculate the mean value of the six jumps from each height, helmet 

condition and direction of measurement for each subject. The overall mean of this value 

was then calculated for all subjects. This method is not ideal as the peak is influenced by 

the sample rate of the measurement. In the experiment the sample rate was 100Hz and 

the data was low-pass filtered at 33Hz. This was considered adequate for this initial 

experiment. 

Each peak in acceleration amplitude was compared statistically in each direction across 

all twelve subjects using the Friedman two-way analysis of variance test for overall 

statistical differences between all three conditions and the Wilcoxon matched-pairs 

signed ranks test for statistical differences between individual conditions. All results 

discussed had a statistical significance of p<0.05. 
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4.3.4 Resul ts 

Figure 4,8 shows a typical time-history that was obtained during the jumping from height 

experiments. The time history shows the different stages throughout the jump. These 

were the initial launch, the drop and then the impact on the floor and the transient head 

and helmet motion resulting from the impact. 

Figures 4.9a & 4.9b shows the median peak accelerations for each jump. They are 

broken into groups for each direction of head and helmet motion, each helmet condition 

and each height jumped. 
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Figure 4.8 Graph of typical time history when jumping from height (vertical head 

acceleration) 

4.3.4.1 Differences between head and helmet 

Figures 4.9a and 4.9b show the differences in motion at each direction of the head and 

prototype helmet. There were no statistical differences between the response at the 

head and the response at the helmet in the vertical direction, supporting the evidence 

that the head and helmet move together at low frequencies in the vertical direction. In 

both the fore-aft and the pitch directions at all three jumping heights there was a lower 

peak acceleration amplitude at the helmet than at the head. 
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Figure 4.9a Peak translational acceleration magnitudes when jumping from 20, 40 and 

60cm (Median of 12 subjects) 
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Figure 4.9b Peak pitch acceleration magnitudes when jumping from 20, 40 and 60cm 

(Median of 12 subjects) 
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4.3.4.2 The effect of a helmet on head motion 

Figures 4.9 and 4.9b also show the effect of the helmet on head motion when jumping 

from height. The presence of a helmet did not change the peak head vertical or fore-aft 

acceleration when jumping from any height. In the pitch direction, removing the helmet 

reduced the amplitude of pitch head motion when jumping from heights of 20 and 40cm. 

However, this change was not seen when jumping from a height of 60cm. 

4.3.4.3 The effect of jumping height 

Head vertical acceleration was not affected by jumping height. When wearing the 

prototype helmet the head fore-aft peak acceleration increased as the jumping height 

increased from 20 to 60cm. The peak acceleration in the head fore-aft direction 

increased as the jumping height increased from 20 to 60 and 40 to 60cm. In the head-

pitch direction the peak acceleration amplitude increased as the jumping height 

increased when the helmet was not worn. 

Comparisons of the peak helmet vertical acceleration with height were statistically 

insignificant. In both helmet fore-aft and helmet pitch directions as the jumping height 

increased so did the acceleration amplitude measured on the helmet. 

4.4 CONCLUSIONS 

When jumping on the spot three main peaks in acceleration were observed. These 

occurred at 2, 4 and 5Hz and were dependent upon the jumping rate. As with the 

running experiment the main power spectral density of each head-helmet system 

occurred at a frequency determined by the jumping rate of the subject. This indicates a 

strong transmission path through the body to the head and helmet. 

Vertical acceleration of the head, when jumping, was not affected by the presence of a 

helmet. When a helmet was present on the head the vertical helmet acceleration 

amplitude was the same as the vertical head acceleration amplitude at the jumping 

frequency. This indicates that there was no relative motion between head and helmet in 

the vertical direction at the excitation frequency. 
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Fore-aft acceleration of the Mk VI helmet when jumping on the spot was considerably 

greater than fore-aft motion of the head at the excitation frequency and 1^ harmonic. 

This would indicate relative movement of the helmet on the head and supports the 

hypothesis in Chapter 3 that there could be a mode of vibration of the helmet on the 

head moving in the fore-aft and pitch directions. However, when jumping from height the 

fore-aft and pitch peak acceleration amplitude of the head was greater than that of the 

helmet. Further investigation is therefore required to confirm this finding. 

When jumping on the spot, differences in the peak acceleration response in all directions 

were observed between the Mk VI and prototype helmets. This is thought to be due to 

the differing mass and distributions of mass on the helmet. 

When jumping from height there was an approximately linear relationship between the 

peak acceleration of the head and helmet in the pitch and fore-aft directions and the 

jumping height. 
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CHAPTER 5 HEAD AND HELIVIET IVIOTION DURING 

EXPOSURE TO WHOLE-BODY VERTICAL VIBRATION 

Chapters 3 and 4 investigated motion of the head and helmet while running and 

jumping. These experiments concluded that the head-helmet system is driven at a 

single frequency whilst running or jumping and peaks in the spectrum of the head and 

helmet acceleration response were dominant at the running or jumping rate. The 

previous experiments also concluded that there could be a mode of vibration of the 

helmet on the head due to relative motion of the head and helmet in the fore-aft axis. 

This chapter continues the work of the two previous chapters, investigating the 

motion of the head and helmet under whole-body random broadband vibration. It also 

investigates the effect of helmet mass and distribution of mass on motion of the head 

and helmet. 

There have been some studies investigating the effect of helmet mass and/or 

moment of inertia on the loading of the spine, the risk of injury, the wearer's comfort 

and performance etc. Helmet design emphasis is usually based upon the prevention 

of cranial injury. As a result of this there may be deficiencies in the helmet 

performance in other areas. It has been shown that the helmet mass, placement of 

the mass and the shape of a helmet are important factors in reducing the probability 

and severity of neck injuries (Frievalds and McCauley, 1990). 

Particular practical applications in which helmets are worn and could cause injury are 

in ejections from fighter aircraft. Anton (1987) reported that the risk of sustaining a 

neck fracture on ejection is between 1 and 2%. Increasing the mass on the head, 

particularty in association with forward shifts of the centre of gravity may increase the 

incidence of fracture. Dijke ef a/. (1993) investigated the effect of helmet-mounted 

devices on neck loading. They found that the neck loading within high-G 

environments was significantly reduced by reducing the mass of the helmet or by 

shifting the centre of gravity backwards. 

In addition to affecting comfort, concentration, and causing the risk of physical injury, 

the helmet mass, and the distribution of mass, will influence the relative motion 
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between head and helmet. Woodman and Griffin (1993) investigated the relationship 

between helmet mass and the transmission of fore-aft seat vibration to the head and 

helmet. It was concluded that placing a helmet on the head reduced the fore-and-aft 

frequencies measured at the head. Placing a helmet on the head also reduced the 

pitch movement that occurred on the head at 5Hz. A mode of vibration, containing 

both pitch head and pitch helmet motion decreased from 10Hz to 5Hz as the helmet 

mass increased from 1.4 to 4.2l<g. 

Parameters such as muscle stiffness and head mass also determine the natural 

frequencies and mode shapes of the head and upper neck. Some modes of vibration 

at the head arise from or are part of modal frequencies at locations lower on the 

spine. Kitazaki and Griffin (1998) used experimental modal analysis to extract the 

natural frequencies and vibration mode shapes of the human body. Eight modes 

were found. 

5.2 EXPERIMENTAL METHOD 

5.2.1 Introduction 

An experiment was conducted to investigate the effect of helmet mass and 

distribution of mass on the motions of the neck, head and helmet. Twelve male 

subjects were used in the experiment (all with no history of back or neck injury). They 

were subjected to broad-band random whole-body vertical vibration for 1 minute in 

each of the eight experimental conditions. A Mk VI Combat Helmet (modified to allow 

extra mass to be applied to the helmet) was used in the experiment. Masses were 

added to the helmet at differing locations to change its mass and moment of inertia. 

The experimental conditions are listed in Table 5.1. 

5.2.2 Instrumentation 

A 1m vertical stroke electro-hydraulic vibrator supplied the vibration stimulus which 

was applied to each subject. Subjects sat in a normal upright posture on a rigid seat, 

without a backrest, which was mounted to the vibrator. They were exposed to a 

broadband random stimulus at frequencies between 0.25 and 30Hz with a magnitude 

of 1 m/s^ r.m.s. for a 1 minute duration for each of the eight experimental conditions. 

The vertical vibration of the shaker was measured using an Entran EGCS piezo-

resistive acceierometer mounted on the vibrator platform. 
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Table 5.1 Experimental Conditions 

Total helmet 

mass (kg) 

Details of location of extra mass 

Condition 1 Mk VI helmet 2.95 mass located 'low and central 

Condition 2 Mk VI helmet 2.95 mass located 'low and forward' 

Condition 3 Mk VI helmet 1.9 mass located 'low and central' 

Condition 4 No helmet n/a n/a 

Condition 5 Mk VI helmet 1.3 no extra mass 

Condition 6 Mk VI helmet 1.9 mass located 'high and central' 

Condition 7 Mk VI helmet 2.95 mass located 'high and central 

Condition 8 Mk VI helmet 2.95 mass located 'high and forward' 

Acceleration of the head and helmet was measured using a bite-bar and a helmet 

bar. Each bar housed six miniature Entran piezo-resistive accelerometers to measure 

translational acceleration. The masses of the bite-bar and helmet bar, including 

accelerometers were 180 and 90g respectively. 

The motion at the base of the neck (T1) was measured using a polystyrene mount. 

Three miniature Entran EGCS piezo-resistive accelerometers were attached to the 

mount to measure the motion in two vertical axes and one fore-aft axis. The total 

mass of the instrumentation used to measure neck motion was lOg. The mount was 

attached to the skin at Tl using strong adhesive surgical tape as shown in Figure 5.1 

Surface acceleration measurements were made at Tl on the spine. When 

accelerometers are attached on the body surface, local tissue-accelerometer 

vibration may result in a difference between the accelerometer measurement and the 

acceleration of the spine or neck. There are direct methods of measuring the 

acceleration at the vertebrae, but these involve invasive procedures and were not 

practical for use in this experiment. Therefore, a mathematical method was used to 

correct errors incurred by relative motion between the accelerometer and the Tl 

vertebra. This method is detailed in Appendix 2. In brief, the method comprises of 

measuring the transient response of the polystyrene measuring block when mounted 

on the skin in each of the three measurement locations. From this measurement the 

natural frequencies and damping of the local system (i.e. the accelerometer and skin 

system) are estimated. These two values are then used to calculate a weighting 

function that is then used to correct the data measured in each direction on the neck. 

71 



C5 

T1 

T5 

polystyrene 

mount 

elastoplast 

neck flesh 
Figure 5.1. Mounting of accelerometers on the neck 

5.2.3 Analysis 

Data acquisition and analysis were conducted using an HVLab Techfilter system. The 

data acquisition sample rate was 100 samples/sec and the data were filtered at 30Hz. 

The accelerations at the head, helmet and neck (T1) were determined for the full sixty 

second vibration exposure. Spectra were determined with a resolution of 0.10Hz, 

giving 24 degrees of freedom. 

Data were analysed in the mid-sagittal plane directions only (i.e. fore-aft, vertical and 

pitch) at all measurement locations. Transfer functions and coherencies were 

calculated between the measurements made at locations on the neck, head and 

helmet and the vertical input at the seat. Transmissibilities from the seat to each 

measurement location were also calculated. 

Each transmissibility was compared statistically in each direction at discrete 

frequencies across all twelve subjects using the Friedman two-way analysis of 

variance test for overall statistical differences between all conditions and the 

Wilcoxon matched-pairs signed ranks test for statistical differences between 

individual conditions. 

Mean transfer functions (of twelve subjects) were calculated. This was considered to 

be an appropriate function to use because of the good intersubject variability 

achieved. Appendix 5 contains graphs showing this variability. Coherency values 

were used to check that the transfer functions were viable before conclusions were 

drawn. Examples of some coherency graphs are shown in Appendix 5. 
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The transfer functions were used to conduct a modal analysis upon the experimental 

results. Experimental modal analysis relies upon the theory that the dynamic 

behaviour of a structure can be defined in terms of its modal properties of the natural 

frequencies, the mode shapes and the damping. The technique seeks to extract the 

modal properties from measured data, generally from transfer functions, and uses 

these data to produce animated mode shapes of the resonances that occur in the 

system. 

5.3 RESULTS 

5.3.1 Transmissibilities of sea t to head and helmet motion 

5.3.1.1 Introduction 

The transfer functions obtained in each of the eight conditions were analysed in three 

categories. 

5.3.1.2 Effect of a helmet on head and neck motion 

Conditions 4 (no helmet) and 5 (standard Mk VI helmet) were compared to determine 

the effect of a helmet upon head and neck motion. Figure 5.2 shows a graph 

comparing the mean transmissibilities of twelve subjects in each direction of 

measurement obtained in condition 4 with those obtained in condition 5. The 

transmissibilities are calculated between vertical acceleration of the vibrator table and 

the acceleration of the head or helmet. A criteria of 5% (i.e. p<0.05) was required for 

statistical significance and differences below this criteria are not discussed. 

Head fore-aft acceleration at frequencies between 3 and 6.5Hz and between 6.5 and 

16 Hz was reduced when the helmet was present (i.e. p< 0.05, see Figure 5.2). At 

frequencies between 2 and 3 Hz the helmet reduced the level of vibration transmitted 

to the head vertical direction. However, at frequencies between 3.7 and 6.6 Hz the 

Mk VI helmet produced levels of vibration at the head in the vertical direction which 

were greater than the no-helmet condition. When the Mk VI helmet was worn the 

levels of head pitch vibration at 3.12 and 5.08 Hz were reduced. 

Neck fore-aft vibration significantly increased when a helmet was worn at 1.07, 1.17, 

2.64, 3.03, between 3.12 and 3.71 Hz and at frequencies between 10.55 and 15.5 

Hz. A frequency shift of the main peak from 4.5Hz with no helmet to 3 Hz when the 
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Mk VI helmet was worn was also apparent. The acceleration in the neck vertical 

direction increased when the helmet was worn at frequencies between 3.78 and 5.7 

Hz and reduced at frequencies between 8.2 and 17.3 Hz. 

head x head z 

5 10 15 
Frequency (Hz) 

10 15 
Frequency (Hz) 

5 10 15 
Frequency (Hz) 

neck z 

. No helrret 

Std Mk VI 
helmet 

20 25 0 5 10 15 20 
Frequency (Hz) 

25 

neck X head pitch 

10 15 
Frequency (Hz) 

Figure 5.2 IVIean transmissibilities from seat to head and helmet showing the effect of a 

helmet on head and neck motion 

5.3.1.3 Effect of location of helmet mass on neck, head and helmet motion 

Conditions one, seven and eight (see Table 5.1 for condition definitions) were 

compared to detemnine the effect of the location of additional helmet mass on helmet, 
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head and neck motion. Figure 5.3 shows a comparison of the mean transmissibilities 

of these three conditions in each direction of measurement. 

The head fore-aft and vertical transmissibility showed a defined trend at all 

frequencies between 4 and 16Hz, with the greatest transmissibility occuring in 

condition 7 (2.95kg helmet, mass high, centre). Moving the extra mass forward in 

condition 8 (2.95kg helmet, mass high forward) reduced the transmissibility. The 

head fore-aft transmissibility was reduced further in condition 1 (mass placed low and 

central). 

The head pitch transmissibility was also affected by the location of the helmet mass. 

At frequencies between 2.3 and 4Hz the pitch transmissibility was found to be greater 

with the mass located at a low and central location. At frequencies between 5.5 and 

7.4Hz the transmissibility was greater with the mass located high and in the centre of 

the helmet than in the conditions when the mass was located high and forward or low 

and central. 

Lowering the helmet mass greatly increased the transmissibility of vertical seat 

acceleration to helmet fore-aft acceleration at frequencies between 2.25 and 5.66Hz. 

The location of the mass on the helmet appeared not to influence the helmet vertical 

acceleration at most frequencies. The helmet pitch motion was influenced by the 

mass location only at frequencies between 16 and 25Hz. At these frequencies it was 

observed that locating the additional mass high and central on the helmet produced 

the greatest amount of helmet pitch motion. Moving the mass forward reduced the 

helmet pitch motion and moving the mass to a lower location significantly reduced the 

helmet pitch transmissibility at frequencies between 16 and 25Hz. 

The neck vertical transmissibility only produced significantly different results at 

frequencies between 4.5 and 7.5Hz. At these frequencies it was shown that smaller 

transmissibilities resulted when the mass was located lower on the helmet. 
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Figure 5.3. Effect of location of helmet mass on neck, head and helmet motion 
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5.3.1.4 Effect of helmet mass on neck, head and helmet motion 

Conditions one (2.95kg helmet), three (1.9kg helmet) and five (1.3kg helmet) were 

compared to determine the effect of helmet mass on helmet, head and neck motion. 

Figure 5.4 shows a comparison of the mean transmissibilities of these three 

conditions in each direction of measurement. 

It can be seen from Figure 5.4 that increasing the mass of the helmet reduced the 

transmissibility to the head fore-aft direction at frequencies between 3.5 and 9Hz. At 

frequencies between 9 and 18Hz the transmissibility reduced as the helmet mass 

increased. 

The motion in the head vertical direction was not affected by helmet mass to the 

same extent as the motion in the head fore-aft direction. However, at frequencies 

between 3.6 and 5.96Hz the 1.3kg helmet produced a marginally greater 

transmissibility than the 1.9kg helmet. At frequencies between 9 and 16 Hz the 

2.95kg helmet produced a significantly lower transmissibility to the head vertical 

direction than the helmets weighing 1.9 and 1.3kg. The helmet mass did not affect 

head pitch transmissibility at frequencies upto 4.9Hz. At frequencies between 4.9 and 

8.2Hz, the helmet with the greatest mass produced the lowest level of head pitch 

transmissibility. Between 11 and 12 Hz the 1.9kg helmet possessed a lower 

transmissibility than the 1.3kg helmet. However, at frequencies between 14,6 and 

20Hz, the 2.95kg helmet produced a greater transmissibility than the 1.3kg helmet. 

At frequencies between 3.1 and 3.GHz the 2.95kg helmet produced a greater level of 

helmet fore-aft transmissibility than the 1.9kg helmet. However, at frequencies 

between 4.59 and 8.2Hz the 2.95kg helmet produced less motion in the fore-aft 

direction than the 1.9kg helmet. In the helmet vertical direction there were less 

differences between conditions. However, at frequencies between 10.2 and 12Hz it 

can be seen that as the helmet mass decreased the transmissibility in the helmet 

vertical direction decreased. At frequencies between 4.69 and 5.86Hz the 1.9kg 

helmet produced a higher transmissibility in the helmet pitch direction than the 1.3kg 

helmet. It can also be seen that the helmet pitch transmissibility at frequencies 

between 16 and 25Hz decreased with increasing helmet mass. 
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Figure 5.4 Effect of mass on neck, head and helmet motion 
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The 2.95kg helmet produced a lower level of neck fore-aft transmissibility than the 

1.9kg helmet at some frequencies between 2.54 and 5.2Hz. At frequencies between 

6.9 and 11 Hz, however, the 2.95 kg helmet produced higher transmissibilities than 

the other two helmets. Neck vertical motion was influenced at frequencies between 3 

and 8Hz where it was observed that the 1.3kg helmet resulted in greater 

transmissibility to the neck than the two heavier helmets. At frequencies between 13 

and 17Hz the transmissibility was found to increase with decreasing helmet mass. 

5.3.2 Modal Analysis 

5.3.2.1 Introduction 

Experimental modal analysis was conducted on six of the experimental conditions. 

Animated mode shapes and natural frequencies were obtained in each condition. 

5.3.2.2 Procedure 

Experimental modal analysis relies on the assumption that the dynamic behaviour of 

a structure can be described in terms of the modal properties of the natural 

frequencies, the mode shapes and the damping. The technique seeks to extract the 

modal properties from measured data, generally from transfer functions. Two 

assumptions are made when applying the experimental modal analysis technique to 

the human body. These are that the body behaves in a linear manner and that the 

damping of the human body is hysteretic. A theoretical explanation of experimental 

modal analysis is described in Appendix 3. 

The modal analysis was conducted using iCATS (Imperial College Analysis, Testing 

and Software). A multi degree of freedom method was employed, using the Global-M 

method of curve fitting. This method is based upon a singular value decomposition of 

a system matrix expressed in terms of measured FRF properties and then on a 

complex eigensolution which extracts the required modal properties. The modal 

properties were then used to produce animated mode shapes of each natural 

frequency. 

5.3.2.3 Results 

Four modes of vibration occurred in each condition when a helmet was present. The 

mode shapes obtained in each condition were sufficiently similar to be able to 

assume that they were the same modes. Consequently, observations have been 
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made regarding the differences in modal frequency occurring due to changes in 

helmet condition. 

Figure 5,7 shows the mode shapes and frequencies that occurred in the modal 

analysis of the standard Mk VI helmet. However, the general mode shapes of the 

neck-head-helmet system can be summarised as follows: 

Model: Vertical and fore-aft motion at the neck, head pitch and fore-aft motion and 

helmet pitch, fore-aft and vertical motion. 

Mode 2: Vertical, pitch and fore-aft motion at the neck, predominantly pitch motion at 

the head and pitch, fore-aft and vertical motion at the helmet. 

Mode 3: Vertical and pitch motion at the neck, head and helmet. Fore-aft motion was 

also seen at the helmet. 

Mode 4: Pitch, fore-aft and vertical motion of the neck, very little motion was seen at 

the head and helmet. 

Figure 5.5 indicates the variation of modal frequency with helmet condition at each 

mode. From the graph it can be seen that helmet condition had very little effect on the 

frequency in mode 1, which was always approximately 3.GHz, regardless of helmet 

mass or location of the mass. Adding a helmet to the head (when the additional 

helmet mass was located below the helmet centre of mass) produced a reduction in 

the frequency of mode 2. As the helmet mass increased from 1.9 to 2.5kg there was 

a small reduction in the frequencies of modes 2 and 3. However, as the helmet mass 

increased from the standard helmet mass of approximately 1.4kg to 1.9kg the 

frequencies of modes 2 and 3 both increased. This is not what would be expected, 

but could be attributed to the change in moment of inertia and/or centre of rotation of 

the helmet due to its additional mass. The location of the mass of the 2.95kg helmet 

made a small difference to the frequencies of modes 2 and 3. Placing the mass 

higher on the head resulted in modes 2 and 3 having higher natural frequencies. The 

frequency of mode 4 generally decreased in frequency as helmet mass increased 

and as additional mass was located higher and further forward on the helmet. 

Mode 4 showed motion of the neck dominating motion of the head or helmet. This 

motion could be attributed to one of the following: (i) a flexural mode of the spine or 
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(ii) relative motion between the accelerometers and the bone at the measurement 

point on the neck. 
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Figure 5.5 Effect of helmet condition on modal frequency 

5.3.2.4 Comparison between 'no helmet' and 'Mk VI helmet' conditions 

Figures 5.6 and 5.7 show the frequencies and mode shapes that were obtained in 

conditions 4 and 5 (without and with standard Mk VI helmet respectively). 

The head and neck alone produced three mode shapes. The first, at 3.68Hz, showed 

fore-aft and pitch motion of the neck and predominantly pitch and fore-aft motion of 

the head. The second mode of the head and neck occurred at 5.37Hz. This produced 

vertical motion of the neck, with some fore-aft and pitch motion, causing head pitch 

and vertical motion. There was little head fore-aft motion in this mode. The third mode 

occurred at 13.76Hz and showed predominantly neck vertical motion, with some pitch 

motion of the neck. There was little motion of the head, in all directions, at this 

hequency. 
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Mode 1: 3.68Hz Mode 2: 5.37Hz 

Mode 3: 13.78Hz 

Figure 5.6 Mode shapes and frequencies extracted in condit ion 4 - (no helmet) 

Four modes were extracted in the standard Mk VI helmet condit ion (see Figure 5.7). 

The first occurred at 3.8Hz and showed vertical and fore-aft mot ion at the neck, head 

pitch and fore-aft mot ion and helmet pitch, fore-aft and vert ical motion. 

Mode 2 occur red at 4.GHz and produced vertical, pitch and fore-aft motion at the 

neck, predominant ly pitch motion at the head and pitch, fore-aft and vertical motion at 

the helmet. 

The third mode, at 5.07Hz produced vertical and pitch mot ion at the neck, head and 

helmet, Fore-af t mot ion was also present at the helmet. Mode 4 occurred at 12.31 Hz 

with pitch, fore-aft and vertical mot ion of the neck. Little motion of the head and 

helmet was observed in this mode. 
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Mode 1; 3.8Hz Mode 2; 4.GHz 

Mode 3: 5 .07Hz Mode 4; 12.31 Hz 

Figure 5.7 Mode shapes and f requencies extracted in condit ion 5 (i.e. standard Mk VI 

helmet) 

From the above data it can be observed that adding the helmet to the neck-head 

system produced an extra mode of vibrat ion (i.e. mode 3 at 5.07Hz). This extra mode 

is attr ibuted to the addit ional degrees of f reedom introduced into the system when a 

helmet is added and it is thought that this mode is consequent ly a mode of vibration 

of the helmet on the head. 

5.4 CONCLUSIONS 

The study descr ibed in this chapter has quanti f ied accelerat ion of the head and 

helmet during whole-body vert ical vibrat ion. The study has shown that head motion at 

f requencies between 3 and 5Hz was reduced in the fore-aft and pitch directions by 

placing a helmet on the head. Head motion was reduced at all f requencies between 3 

and 16Hz in the fore-aft direction by placing a helmet on the head. Head vertical 
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motion at frequencies between 3 and GHz increased when a helmet was placed on 

the head. 

Head mot ion was found to be affected by the distr ibution of mass on a helmet. At 

f requenc ies between 4 and 16Hz the greatest transmissibi l i ty to the head fore-aft and 

vert ical direct ions occurred when addit ional helmet mass was located high and 

central on the helmet. These transmissibi l i t ies reduced as the mass was moved lower 

and further forward on the helmet. 

At f requencies between 3.5 and GHz the seat- to-head transmissibi l i ty, in all three mid-

sagital p lane head directions, decreased with increasing helmet mass. This could 

indicate a mode of vibrat ion of the helmet on the head with f requency related to 

helmet mass. At f requencies between 9 and 16Hz head fore-aft and vertical 

t ransmissibi l i ty decreased with decreasing helmet mass. 

It is bel ieved that the variabil ity in the transmissibi l i ty is attr ibutable to resonance 

behav iour of the neck-head-helmet system. Al though the neck-head-helmet system is 

highly damped, adding mass and relocating mass on the helmet af fected the natural 

f requenc ies and mode shapes of the system. 

Three modes of vibrat ion were extracted f rom the exper imental modal analysis of the 

human neck-head system. Four modes were extracted f rom the neck-head-helmet 

system. Placing a helmet on the head caused the second mode of the neck-head 

sys tem to decrease in f requency and an extra mode (mode 3), showing the helmet 

pi tching on the head, was introduced. The f requency of this mode was inf luenced by 

he lmet mass. 

The other modes of vibration, variants of which were also present in the neck-head 

system, are descr ibed as fol lows. Mode 1: pitch and fore-aft head motion, with the 

helmet (if present) moving in all directions of motion. The f requency of this mode was 

unaf fected by helmet mass or location of mass on the helmet. The second mode was 

a pi tching mode of the head with the helmet (if present) mov ing in all directions in the 

mid-sagi ta l plane. The f requency of this mode tended to decrease with increasing 

helmet mass. The fourth mode was a bending mode of the upper thoracic and 

cervical spine, wi th no head or helmet motion. The f requency of this mode was 

largely unaf fected by helmet mass or location of mass. 
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CHAPTER 6 IVIODELLING THE NECK-HEAD-HELIVIET SYSTEM 

/ / V T R O O U C r / O A / 

The l i terature review in Chapter 2 of this thesis has shown that, despi te the l imitations 

caused by non-l inearity and the assumpt ion of v iscous damping, at tempts in 

b iodynamic model l ing of the head and helmet have been made. In some cases 

models have been writ ten with a degree of success, whilst others have been writ ten 

as bui lding blocks to more complete and more accurate models. 

The l i terature review highl ighted several models of the neck-head-helmet system. 

Most of these models were writ ten primarily to determine the effect of large forces on 

spinal vertebrae. Some authors added a helmet to their models simply by rigidly 

at taching mass to the top of the head. 

Exper imenta l ev idence presented in the previous three chapters suggests that a 

helmet can move independent ly of the head in the fore-aft and pitch directions of 

motion. This would imply a loose coupl ing of the scalp at the fore-head. However, 

wi th the except ion of the head-helmet model by W o o d m a n and Griff in (1995) no 

models have been writ ten to al low the helmet to move independent ly of the head. 

The ev idence suggest ing that the helmet moves independent ly to the head implies 

that there is a mode of vibration of the helmet on the head. A modal analysis 

conducted upon exper imental data in Chapter 5 showed that adding a helmet to the 

head produced an addit ional mode of vibration. 

This chapter introduces and explains new finite e lement models of the neck-head 

system and the neck-head-helmet system. The results of the exper imental modal 

analysis descr ibed in Chapter 5 were used to opt imise the models. These models are 

regarded as 'experimental ' in nature. However, they are also regarded as building 

blocks towards a model which could prove a useful tool in predict ing the risk of injury 

w h e n wear ing a helmet in different condit ions. 
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6.2 A/ECK-HE/IO MODEL 

The neck-head model was originally developed by Harvey (1990a). Harvey's model 

has been improved by redefining the model's geometry, the head mass and the 

moment of inertia. In addition, mass, with moment of inertia about T1 has been added 

to the neck (at the mid point between T1 and the atlanto-axial joint). The value of the 

head moment of inertia was changed significantly due to the apparent unreliability of 

the source of the value used in Harvey's model. This resulted in changes to the neck 

stiffness values which were adjusted by tuning the model response to match the 

response obtained in the experimental modal analysis. This approach is deemed 

acceptable in a simple model in that it is not possible to obtain these values 

independently from anthropodynamic data. Table 6.1 below shows the parameters 

used in the revised neck-head model and Figure 6.1 shows the form of the revised 

model . 

The new geometry values were taken from the NASA Anthropometr ic Source Book 

(1973) and were based upon measurements taken on a sample of 2420 male US 

Ai r force personnel in 1967, aged between 18 and 45 years. The head and neck 

masses were taken from Walker ef a/. (1973) and were based upon a male weighing 

75kg. 

Table 6.1 Modal parameters used in the revised neck-head model 

Parameter Value Source 

Head mass 4.75kg Walker et al (1973) 

Head 1 0.02kg.m^ Chandler et al (1975) 

Neck mass 1.165kg Walker et al (1973) 

Neck 1 0.02kg.m^ Chandler et al (1975) 

Neck 

st i f fnesses 

k, 6000N/m Peckham Neck 

st i f fnesses 
k. 7370N/m Peckham 

Neck 

st i f fnesses 

lOON.m.rad'^ Harvey (1990) 

Neck 

st i f fnesses 

lOON.m.rad'^ Harvey (1990) 

Neck 

st i f fnesses 

250N.m.rad"^ Harvey (1990) 

A modal analysis was conducted upon the final neck-head model and three main 

modes of vibrat ion occurred. The mode shapes and f requencies of the first two 

modes matched those obtained in the exper imental analysis, however, the third mode 
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was 0.4Hz away f rom the measured experimental frequency. Despite this the mode 

shape was observed to be the same. 

/ / / / / 

Figure 6.1 Neck-head model 

Figures 6.2 to 6.4 show the mode shapes and frequencies of the three modes of 

vibration that occurred in the neck-head system. The first mode at 3.GHz showed 

fore-aft motion of the neck and pitch and fore-aft motion of the head. Mode 2 

occurred at 5.3Hz and showed vertical and fore-aft motion of the neck and vertical 

and pitch motion of the head. The third mode occurred at 13.3Hz. This mode shape 

showed vertical and pitch motion of the neck at T1 and very little motion of the head 

in any direction. 
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Figure 6.2 Neck-head model, mode 1, 3 .65Hz 

Figure 6.3 Neck-head model, mode 2, 5 .35Hz 



Figure 6.4 Neck-head model, mode 3, 13.3Hz 

6.3 NECK-HEAD-HELMET MODEL 

A new model of the neck-head-helmet system has been developed. This is based 

upon the neck-head model descr ibed in Sect ion 6.2 with addit ional e lements to 

represent the helmet and the scalp coupl ing between head and helmet. 

The head was made up of f ive quadri lateral areas, wi th a centre of mass located 

1.72cm forward and 3.64cm above the atlanto-occipital joint. The centre of mass was 

f ixed to the at lanto-occipi tal joint using a rigid link. The helmet was also constructed 

f rom five quadri lateral areas with a centre of mass f ixed to the helmet using a rigid 

link. The connect ion between the helmet and the head was at the skin contact points 

at the front and rear of the head. For simplicity the chinstrap and other forms of 

a t tachment were omit ted. The neck was model led using two beam elements. These 

were connected to each other and the head using torsional springs. The base of the 

neck was connected to ground using a torsional spring and two linear springs, giving 

an approx imate representat ion of the lower spine. 

Table 6.2. shows the values of the addit ional parameters used in the neck-head-

helmet model. Append ix 4 gives a complete listing of the model code. 
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/ / / / / 
Figure 6.5 Neck-head-he lmet model 

Table 6.2 Parameters used in neck-head-helmet model 

Parameter Value 

Helmet mass 13kg 

Helmet 1 0 .02kg jn^ 

Head-he lmet coupl ing 

Young 's modulus 

265N.mT 

Head-he lmet coupl ing 

cross-sect ional area 

W h e n a moda l analysis was conducted upon the model four mode shapes were 

produced. The value of the head-helmet coupl ing Young's modulus was adjusted so 

that the f requency of the extra mode obtained matched the f requency of the 

equivalent mode in the exper imental modal analysis. Figures 6.4-6.7 show the mode 

shapes that occurred. 
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The first mode occurred at a f requency of 3.1 Hz and showed fore-aft mot ion of the 

neck, pitch and fore-aft motion of the head and pitch motion of the helmet. The 

second mode had a natural f requency of 4 .8Hz and showed vert ical and fore-aft 

mot ion of the neck, vertical and pitch motion of the head and vertical, pitch and fore-

aft mot ion of the helmet. Mode 3 occurred at 5.1Hz with fore-aft mot ion of the neck 

and pitch mot ion of the head and helmet. The forth mode occurred at 13.3Hz and 

showed vert ical and pitch motion of the neck at T1 and very little mot ion in any 

direct ion at the head. 

Figure 6.4 Neck-head helmet model, mode 1, 3.1Hz 
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Figure 6.5 Neck-head helmet model, mode 2, 4.8Hz 

Figure 6.6 Neck-head-helmet model, mode 3, 5.1Hz 
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Figure 6.7 Neck-head helmet model, mode 4, 13.269Hz 

6.4 DISCUSSION 

6.4.1 Dynamics of the neck-head system 

Chapter 5 establ ished that the neck-head system had three principal modes of 

vibrat ion, occur ing at approximately 3.7, 5.4 and 13.8Hz. The mode shape of the first 

mode at 3.7Hz is descr ibed as vertical and fore-aft mot ion of the neck and pitch and 

fore-aft mot ion of the head. This corresponds well with the first mode of vibration 

obta ined f rom the neck-head-helmet model. From the transmissibi l i ty graphs (Figure 

5.2) it can be seen that at this f requency the neck fore-aft mot ion is a max imum and 

there is a simi lar level of neck vertical motion. This, as suggested by Kitazaki (1994) 

could be a bending mode of the spine (with the ends free) which produced a 

reduct ion in vert ical mot ion of the head and caused the head to move in 

predominant ly the pitch and fore-aft directions. 

Figure 5.2 shows a peak in the transmissibi l i ty of seat vert ical accelerat ion to the 

head pitch direct ion at the second mode of vibration (5.4Hz). The graphs also show a 
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greater level of neck vertical motion than neck fore-aft motion at this f requency. 

Modal analysis at this frequency showed the head to have motion in the pitch, fore-aft 

and vert ical directions. The second analyt ical mode occurred at 5.4Hz and the mode 

shape was similar to the experimental mode shape. Kitazaki (1994) identified the 

principal who le-body vibration resonance at 4.9Hz as an entire body mode. A head 

pitching mode was also identif ied at 5.GHz and was attr ibuted to a bending mode of 

the lumbar and lower thoracic spine. This is consistent with the work of Paddan and 

Griff in (1993) who showed a resonance in the transmissibi l i ty f rom vert ical seat 

mot ion to pitching mot ion of the head at f requencies between 5 and GHz. There is 

insuff icient ev idence available f rom this exper iment to directly link this mode to either 

of the two modes discovered by Kitazaki (1994). However, f rom the exper imental and 

analyt ical work contained in this thesis the second mode of vibrat ion can be classif ied 

as a pitch mode of the head. 

The third mode of vibration occurred at 13.8Hz. The mode shapes showed vertical 

and pitch mot ion of the neck at T1 and very little motion of the head in any direction. 

Figure 5.2 shows a peak in neck vert ical mot ion at this frequency. Kitazaki (1994) 

d iscovered a similar mode-shape at 14Hz showing bending of the upper lumbar and 

cervical spine (unconf i rmed due to di f ferences between subjects). A l though 

conf i rmat ion is not possible due to lack of exper imental data further down the spine, it 

is thought that this mode could be the same as Kitazaki's mode at M H z . 

In summary, the neck-head model has identif ied three modes of the neck and head 

system. Tun ing of the model resulted in a reasonable degree of correlat ion between 

analyt ical and exper imenta l modal analysis results. The three experimental ly 

obtained modes were predicted by the neck-head model and it is reasonable to state 

that these are the main modes of the neck-head system. The extra modes that were 

d iscovered by Kitazaki (1994) may be attr ibuted to motion occur ing at other parts of 

the anatomy. 

6.4.2 Dynamics of the neck-head-helmet system 

Placing a he lmet upon the neck-head system increased the number of degrees of 

f reedom in the system. Four exper imental mode shapes were extracted in modal 

analyses of the neck, head and helmet system. It is thought that three of those 

modes were attr ibuted to the neck-head system. Data from the exper imenta l modal 

analyses (shown in Chapter 6) support this theory, al though the modal f requencies 

var ied due to the addit ional mass in the system from the helmet. The extra mode of 
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vibrat ion, in the standard helmet condition, occurred at 5.1Hz. This was thought to be 

a mode of the helmet on the head and is related to the pitch mode of the head. 

Add ing a helmet to the system caused the f requency of the head pitch mode to 

decrease and a new mode was observed at a higher f requency (5.1Hz). This .mode 

shows the helmet pitching on the head and is partially control led by the helmet mass 

and the st i f fness of the head-helmet coupling. 

6.4.3 Application of the neck-head-helmet model 

Minor alterat ions were made to the neck-head-helmet model to represent helmets 

wi th di f ferent mass and moment of inertia. In particular, the model was used to 

represent other helmet condit ions in which exper imental modal analysis data were 

avai lable (as i l lustrated in Chapter 5). The modal output f rom the neck-head-helmet 

mode l was compared with the results of the exper imental modal analyses. 

The mode shapes obtained from the model were observed to be the same as the 

mode-shapes obtained in the experimental modal analysis. However, there was 

some variat ion between modal frequencies. Table 6.3 shows a compar ison between 

the moda l f requencies obtained in the model and in the exper imental modal analysis. 

It can be seen that the model predicted the f requency of modes of vibration of the 

neck-head-he lmet system with a max imum error of 18.4% in the condit ions when an 

addit ional helmet mass was either located uniformly around the helmet centre of 

mass or at a location below the helmet centre of gravity. The model was less reliable 

when addit ional helmet mass was located over or above the helmet centre of gravity. 
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Table 6.3 Compar ison between predicted and measured modal analysis results 

Helmet Condi t ion Mode 

no 

Exper imental modal 

%^quency(Hz) 

Model modal 

f requency (Hz) 

% 

dif ference 

Condi t ion 5 Standard Mk VI 

he lmet 

1 3.8 3.1 -18.4 Condi t ion 5 Standard Mk VI 

he lmet 2 4.6 4.8 4.3 

Condi t ion 5 Standard Mk VI 

he lmet 

3 5.07 5.1 0.05 

Condi t ion 5 Standard Mk VI 

he lmet 

4 12.31 13.17 7.1 

Condi t ion 1 2.95kg helmet, 

mass low central 

1 3.34 2 9 6 - 1 1 ^ Condi t ion 1 2.95kg helmet, 

mass low central 2 4.9 4 29 -12 4 

Condi t ion 1 2.95kg helmet, 

mass low central 

3 5.63 5.29 -6 0 

Condi t ion 1 2.95kg helmet, 

mass low central 

4 12.63 1 3 J 7 4.3 

Condi t ion 3 I .Qkg helmet, 

mass low and central 

1 3 52 3 / M - 1 & 1 Condi t ion 3 I .Qkg helmet, 

mass low and central 2 5 35 4 64 - 1 ^ 2 

Condi t ion 3 I .Qkg helmet, 

mass low and central 

3 6.0 5.36 - 1 & 6 

Condi t ion 3 I .Qkg helmet, 

mass low and central 

4 12.56 t l 2 3 2 5.3 

Condi t ion 7, 2.95 kg helmet 

mass high and central 

1 3.58 2 8096 - 2 1 8 Condi t ion 7, 2.95 kg helmet 

mass high and central 2 5.5 4.35 - 2 & 1 

Condi t ion 7, 2.95 kg helmet 

mass high and central 

3 6.53 4.87 - 2 & 4 

Condi t ion 7, 2.95 kg helmet 

mass high and central 

4 1 2 4 9 13.27 6.2 

Condi t ion 8, 2.95kg helmet, 

m a s s high and forward. 

1 3.6 2 23 -38 1 Condi t ion 8, 2.95kg helmet, 

m a s s high and forward. 2 6.2 3 95 - 3 & 3 

Condi t ion 8, 2.95kg helmet, 

m a s s high and forward. 

3 6.6 4.63 - 2 & 8 

Condi t ion 8, 2.95kg helmet, 

m a s s high and forward. 

4 1 1 9 13.26 1 1 4 
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CHAPTER 7 SUIVIIVIARY AND CONCLUSIONS 

The l i terature review revealed a general lack in knowledge of the dynamics of the head 

and helmet system. No literature was found to quant i fy how the head and helmet interact 

w h e n running and jumping. It was shown that helmet movement is independent of head 

mot ion at some frequencies, leading to the hypothesis that there is an independent mode 

of v ibrat ion of the helmet on the head. It was also establ ished that the coupl ing of the 

scalp t issue between head and helmet and the mass of the helmet may both play a role 

in determin ing the f requency of the mode. 

The invest igat ion into head and helmet motion when running and jumping showed that 

most mot ion occurred in the mid-sagittal plane. W h e n running and jumping it was 

observed that the greatest amount of motion occurred at the running or jumping 

exci tat ion f requency. At the excitat ion frequency the head and helmet moved together in 

the vert ical direction. In the fore-aft direction the head and helmet moved relative to each 

other. It was thought that this relative motion could be attr ibuted to a mode of vibration of 

the he lmet on the head. In transient jumping, an approximately l inear relationship was 

observed between jump ing height and accelerat ion of the head and helmet in the fore-aft 

and pitch direct ions. 

To fur ther invest igate the f requency response of the head-helmet system an exper iment 

was carr ied out to measure head and helmet motion dur ing exposure to broadband 

who le -body vert ical vibration. The results were presented as transmissibi l i t ies f rom the 

seat to the measurement location and in an exper imental modal analysis. The 

exper iment showed that head motion at f requencies between 3 and 5Hz was reduced in 

all d i rect ions of mot ion by placing a helmet on the head. Head mot ion in the fore-aft 

d i rect ion was reduced at f requencies between 3 and 16Hz by placing a helmet on the 

head. Head pitch mot ion was affected by the location of addit ional helmet mass. At 

f requenc ies between 3.5 and GHz the seat-to-head transmissibi l i ty in all three head 

direct ions decreased with increasing helmet mass; at f requencies between 9 and 16Hz 

head fore-aft and vert ical transmissibi l i ty decreased wi th decreasing helmet mass. These 

changes in transmissibi l i ty are thought to be linked to resonant behaviour of the head-

helmet system. 
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Three modes of vibration were extracted from an experimental modal analysis of the 

human neck-head system. Four modes were extracted f rom the neck-head-helmet 

sys tem. Placing a helmet on the head caused the second mode of the neck-head system 

to decrease in frequency and an extra mode, showing the helmet pitching on the head, 

w a s introduced. This mode is thought to be a mode of vibrat ion of the helmet on the 

head. 

A finite e lement model of the neck-head-helmet system was developed. The natural 

f requenc ies and vibrat ion mode shapes of the model were compared with the 

exper imenta l data. Three modes were calculated for the neck-head system and four 

modes were calculated for the neck-head-helmet system. 

The calculated response of the finite element models, together with the output f rom the 

exper imenta l modal analysis, has provided evidence to suggest that there is a mode of 

v ibrat ion of the helmet on the head, the f requency of which is inf luenced by the scalp 

st i f fness and helmet mass. 

It is ant ic ipated that this work could be cont inued in a number of ways. In particular, 

fur ther areas of study could involve investigation and research in detail into the head-

helmet skin interaction, which is clearly complex. The model could be further improved 

by re-model l ing the skin scalp and other areas (after suitable exper imental research) in 

wh ich the helmet and body come into contact. The model could be also expanded to 

include the spine and lower back. It is also recommended that a harmonic analysis is 

conduc ted upon the model. This would, for example, enable head-to-helmet 

t ransmissibi l i t ies to be calculated and it wou ld also be possible to predict the variat ion in 

neck loading due to a part icular helmet type. Given t ime the model has the potential to 

be able to predict the response of the neck, head or helmet to a helmet of def ined mass 

and momen t of inertia under any particular operat ional condit ion. 
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APPENDIX 1. EXPLANATION OF MULTIPLE-IN MULITPLE-OUT 

TRANSFER FUNCTION SYSTEM 

A1.1 One-in, one-out 

Transfer funct ion and coherency data is somet imes calculated by assuming a one-in, 

one-out mode l as s h o w n in Figure A1.1 below. 

^ 1 ^ 2 

Figure A31.1: A one- in one-out sys tem 

Using this method , the t ransfer funct ion be tween output and input X , is calculated 

assuming that the other inputs and outputs have no inf luence on and X , . ^ 

The t ransfer funct ion is then calculated using the cross spectral densi ty method, as 

fo l lows 

= (A1J) 

where is the cross spectra l densi ty of input X ^ to output X ^ , and 

G,, is the power spectral densi ty of input X ; . 

By def ini t ion, the coherency funct ion states how m u c h of an output is l inearly dependent 

on the input. In a one- in one-out sys tem this does not take into account the inf luences of 

other d i rect ions of input mot ion on the output d i rect ion of mot ion. 

Coherency be tween X ^ and X^ is calculated as fo l lows 

(A1.2) 
^11 ^12 

^ In reality in the head-helmet system motion of the head and helmet will have small influences 
on other directions. For example, motion at the helmet will be caused by elements of fore-aft, 
vertical and pitch motion of the head (with smaller influences from the other directions). 
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where G, , is the power spectra l densi ty of X , . 

A1.2 Three in, one out 

Analyses for the calculat ion of the partial coherence funct ion for a two- in one-out system 

have been d iscussed by Bendat and Piersoi (1966). The analysis for a three- in one-out 

sys tem as shown in F igure A1 .2 is an extension of the two- in one-out sys tem involving 

the repeti t ive use of s o m e basic equat ions. 

By introducing a three- in one-out analysis to the head- to-he lmet sys tem it is possible to 

produce transfer funct ions which are more representat ive of the system. It is 

subsequent ly possib le to e l iminate the ef fect o f two of the inputs (head mot ion) on the 

third input and the ou tpu t (he lmet motion). 

H 

• 

1 

H 

• 

I " H 

/ ^ 

3 

H 

Figure A1.2 A three- in one-out sys tem 

This sys tem can be s impl i f ied using a decompos i t ion technique as shown in Figure A1.3 

X , 
71 

72 

73 

Figure A1.3 Decompos i t ion o f two s ignals 

The input is d e c o m p o s e d into two parts: wh ich are l inearly corre lated wi th input 

X ; via a l inear fi lter L and which is not corre lated wi th X , . 
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If all inputs and outputs are decomposed as descr ibed above, then the ef fect of X , wil: 

be removed f r om - X ^ as shown below in Figure A1.4 . 

X , 

^3 ^2.1 

->̂5 3 , 1 

X , 
4.1 

Figure A1.4 Decompos i t ion of four s ignals 

Now, as >>2 and X ^ are coherent 

- (^22/12 (A1.3) 

However , 

whe re ^ y i y i the mean power spectral densi ty of 

G22 is the mean power spectra l of X^ 

is the ord inary coherence be tween X ^ and X^ 

^22 = G^2)'2 + 

^22X12 ^22.1 

(A1.4) 

(A1.5) 

and therefore the power spectra l densi ty of X ^ condi t ioned by X , is g iven by 

^22.1 ^22 ^nY\i (A1.6) 
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The s a m e m e t h o d can be appl ied to and y^ to give the fo l lowing relat ionships for 

power spect ra l dens i t ies condi t ioned by . 

G 3 3 . 1 = ( l - / l 3 (̂ 33 (A1.7) 

G44.1 (A1.8) 

Having es tab l ished these va lues the sys tem can subsequent ly be s impl i f ied to a two-in 

one-out sys tem (hav ing e l iminated the ef fect of ). 

-^2.1 

4.1 y-] 

Figure A1.5 Decompos i t ion of three s ignals 

3̂ 9 

yi 

X. 3.12 

4^2 

Using the s a m e me thod emp loyed in equat ions A3 .4 and A3 .5 the power spectral 

densi t ies and . (i.e. the ef fects of X , and now Z , removed f rom X^ and 

X 4 ) are represen ted by the fo l lowing re lat ionships 

^33.12 "" X23.I j^33.1 

(̂ 44.12 = ( l - / 2 4 . / ) G 4 4 , l 

(A1.9) 

(A1.10) 

723,1^ is the cohe rence func t ion be tween X^ ^ and X 3 , , g iven by 

I 
2 11̂ 211 

-

^22.1^33.1 
(A1.11) 
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This can now be simpl i f ied into a one- in one-out sys tem as shown in Figure A1,6. 

3.12 

^4.12 

L 

y 12 

yu 

^14 

Fig A1.6 Decompos i t ion of two signals 

^^,23 is the output condi t ioned by and X^ consequent ly it is the noise in 

the sys tem. The power spectral densi ty of this te rm (using the s a m e method as above) is 

g iven by 

^ 4 4 . 1 2 3 ~ / 34.12 ) ^ 4 4 . 1 2 ( A 1 . 1 2 ) 

where is the coherence between G3312 and ,2 -

The t ransfer funct ion be tween Xy^^ and X^^^ using the cross spectra l densi ty method is 

g iven by 

^ 3 . 1 2 = 
'34,12 

' 4 4 . 1 2 

( A 1 . 1 3 ) 

where G34 is the cross-spectra l densi ty be tween X3,2 and X^ ^^. It can be shown that 

this is expressed as 

f — r' ^24.1 
"̂ 34.12 ~ "̂ 34.1 "̂ 32.1 ( / v i . l / l ) 

' 22 .1 

The partial coherence funct ion between X . ,2 and X , ,2 is def ined as fo l lows 

\G. 
7 

34.12 

34.12 

^33.12^44.12 
( A 1 . 1 5 ) 
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APPENDIX 2 -A DATA CORRECTION METHOD FOR SURFACE 

MEASUREMENT OF VIBRATION ON THE HUMAN BODY 

(Extracted from Kitazaki, 1994) 

The fo l lowing descr ibes a data correct ion method for the sur face measurement of 

vibrat ion on the h u m a n body. 

The method assumes a single degree of f reedom linear model for the local t issue-

acce lerometer sys tem, wi th in the f requency range of interest, on the spine in the vertical 

axis (shear d i rect ion of t issue) and in the fore-and-af t axis (normal direct ion of t issue) 

respect ively. T h e local sys tem can be descr ibed by the mass of an acce lerometer and 

t issue involved in the local vibrat ion, m, the st i f fness of t issue, k and the v iscous damping 

coeff ic ient of t issue, c, wh ich is all a t tached to the body sys tem wh ich may have mult iple 

degrees of f r e e d o m as shown in f igure A2.1. 

Local 
System 

Body 
System 

A Z 

4 % 

input (t) 

Figure A2 .1 Equiva lent mode l for the local sys tem of an acce le rometer 

mounted on the body sur face 

The input point of the body sys tem occurs at the but tocks and the input is accelerat ion or 

force. Let the t rue accelerat ion of the spine be ( / ) and the measured accelerat ion be 

x ^ ( t ) wh ich is the response of the sys tem to he input, x , ( / ) . 
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The accelerat ion t ransfer funct ion of the local sys tem, is the same as the 

d isp lacement t ransfer funct ion, wh ich is g iven by: 

where: co = Inf ; = X ( / ) means a Fourier t ransform f rom the t ime domain to 

the f requency domain , if the t ransfer funct ion of the local sys tem, I j ( / ) , is determined, 

the Four ier t rans fo rm of the true accelerat ion of the spine, F | x , ( / ) j , can be obtained 

f rom the Four ier t ransform of the measured accelerat ion F | j c ^ ( ? ) | : 

.F{;c(f)} = C ( j r ) (/12.2) 

where 

C ( / ) = ^ (A2.3) 

Therefore, C ( / ) i s the correct ion f requency to e l iminate the ef fect of the local t issue-

acce le rometer v ibrat ion f rom the measuremen t accelerat ion. The t ime-history of the true 

spinal accelerat ion, ) , is obta ined by carry ing out an inverse Fourier t ransform of 

equat ion A2.2 . 

The t rue t ransfer funct ion of the body sys tem, 7 ^ ( / ) can be calculated f rom the 

measured funct ion, T ^ { f ) , and the correct ion f requency funct ion, C ( / ) : 

T,(f) = U f W ) (A2.4) 

where 
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The input can be force or acceleration. When the input is force, the transfer functions, 

r „ ( / ) , are te rmed accelerances. When the input is accelerat ion, they are termed 

accelerat ion transfer funct ions. 

The equat ion of mot ion about the mass of the local system in Figure A2.1 is given by: 

W + W " W - (0) = 0 (A2.7) 

Solving equat ion (A2.7) by substi tut ing x,{t) = , the theoretical 

accelerat ion, or d isplacement, transfer funct ion of the local system, , is obtained: 

? ; ( / ) = , (A2-8) 
-/M6) + y(uc + A: 

Using the natural f requency, co^, damping ratio, and f requency ratio, /3, equation 

(A2.8) is simpl i f ied into equat ion (A2.9): 

where: 

= A— (A2.10) 
V m 

l-Jmk 
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p= 

^ 0 fa 

Therefore, the correct ion f requency funct ion is: 

C(,9) 
i + 2 ; a 9 

(A2.11) 

If the natural f requency, / g , and the damp ing ratio, of the local sys tem are found, the 

correct ion f requency funct ion, C(y^), is determined. 

The natural f requency and the damping ratio of the local sys tem are est imated so as to 

determine the correct ion f requency funct ion, using the spectral analysis of the free 

vibrat ion of the local system. Displacing the acce lerometer on the body sur face and 

releasing it wh i le a subject is sitt ing or s tanding still causes f ree vibrat ion. The equivalent 

model for the f ree vibrat ion test is shown in Figure A2.2. 

\\\\\\\\\\\\\ 
Figure A2 .2 Equivalent mode l of the local sys tem in f ree vibrat ion 

The equat ion of mot ion about the mass of the local sys tem is: 

mx (A2.12) 

The initial condi t ions for the f ree v ibrat ion test are given by: 
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^m(o) — ^O'̂ o — 0 (A2.13) 

To solve equa t ions A2 .12 and A2.13, a Laplace t ransform is more useful than a Fourier 

t ransform. In fact, a Laplace t ransform is the same as a Four ier t ransform, when 5 is 

made equal to jco. By carrying out the Laplace t ransform of equat ion A2.12, with the 

initial condi t ions A2.13 , a Laplace t ransform of the d isp lacement response, is 

obtained; 

where: 5 is a Lap lace operator. A Laplace t ransform of the accelerat ion response, 

A„^(s), is ca lcu la ted f rom equat ion A2.14, wi th the initial condi t ion in A2.13: 

Subst i tut ing s = jco and using the relat ionship (A2.10), equat ion A2 .16 is obtained; 

(A2.16) 

where; A^{^0) is the Fourier t ransform of the accelerat ion response to f ree vibrat ion of 

the local sys tem. The modulus of the f ree vibrat ion response is: 

Therefore, the modu lus of the f ree vibrat ion response reaches a peak at the natural 

f requency. 
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Damping can be es t imated f rom the width of the modu lus curve around the peak. Lett ing 

equat ion (A2.17) equal to half the power o f the peak g iven by equat ion (A2.18), equat ion 

A2.19 is obta ined: 

+ 1 - / 7 ' 

2,g 
(A2.18) 

Using the width of the curve, w i th A/_ and A / \ in the lower and upper s ides as shown in 

f igure A2.3 , the f requency ratio cor respond ing to the ha l f -power points is obtained: 

P = \± 4 ^ 

/ o 

(A2.19) 

Subst i tut ing equat ion A2 .20 into equat ion A2.19, the damp ing ratio is obta ined: 

1 ± 

= + " 
f o ) 

\ 2 

^ A 

(A2.20) 

1 ± 

W h e n damp ing is qui te smal l , equat ions (A2.21) can be approx imated to 
/ o 

However , the approx imat ion is not qui te appropr iate for the heavy damp ing of the human 

body. 
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m imax 

I max 

Figure A2 .3 Hal f Power Point of a Single Degree of F reedom Sys tem 

By the above means , a correct ion funct ion is obta ined by subst i tut ing the natural 

f requency and damp ing ratio into equat ion (A2.11). The advan tage of this method is that 

correct ion wo rks not only for the addit ional mass of the acce lerometers but also for the 

mass of skin and shal low t issue around the contact area involved in the local vibrat ion, 

because the me thod does not use the mass and st i f fness of the local sys tem directly. 
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APPENDIX 3 FUNDAMENTALS OF EXPERIMENTAL MODAL 

ANALYSIS 

(Extracted f rom Kitazaki , 1994) 

Exper imenta l moda l analysis repl ies upon the theory that the dynamic behaviour of a 

structure can be descr ibed in te rms of its modal propert ies of the natural f requencies, the 

mode shapes and the damping . The technique seeks to extract the modal propert ies 

f rom measu red data, general ly f rom transfer funct ions. Two assumpt ions are made when 

apply ing the exper imenta l moda l analysis technique to the human body. These are that 

the body behaves in a l inear manner and that the damp ing of the human body is 

hysteret ic. 

The equat ion of mot ion for a l inear structure with N degrees of f reedom and viscous 

damp ing can be descr ibed by equat ion A3.1 

[M]{x(r)}+,[//]{x(()} + [^]{x(/)}= {/(()} (A3,1) 

where; [ m ] is the NXN v iscous damp ing matr ix; \K\ is the NXN st i f fness matr ix; 

{x(?)} and are the N x l accelerat ion and d isp lacement response vectors; { / ( r ) } 

is the Nxl appl ied force vector. The f ree response (i.e. { / ( ? ) } = 0 solut ion of equat ion 

A2.1 prov ides / / e i g e n v a l u e s ; A, \ and assoc ia ted e igenvectors; 

{^2} For this genera l case, both the e igenvalues and the e igenvectors are 

mathemat ica l l y complex. The e igenvalues are of the form: 

A r ' = a , , / ( l + ;%r) CA3.2!) 

where : co^ is the undamped natural angular f requency for the r t h mode. In the special 

case of propor t ional damp ing where the damping matr ix is descr ibed by equat ion A3.3, 

both the e igenva lues and the e igenvectors take real values. 

[ f f ] = /?[Adr]4.r[A:] (/13X3) 
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The complex eigenvectors, which correspond to the complex mode shape vectors, can 

be scaled in such a way that the orthogonality properties may be expressed by the 

relationships: 

(A3.4a) 

(A3.4b) 

(A3.4C) 

where: [^] is the modal matrix whose columns are mode shape vectors (i.e. 

- k ) ] : M is the identity matrix; (ajr is the diagonal matrix of cô  ; 

Transforming equation A3.1 using the modal coordinates and letting {x(z')} = , 

{ / (r)} = , the displacement response is obtained: 

(A3.5) 

The receptance (displacement/force) between the sites j and k, , can be written by 

a decoupled equation (A3.6); 

F. 
= a 

jk 2 
(A3.6) 

\ CO^ -0) +17]^C0 

with: 

(A3.7) 
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where; X j is the displacement response at the site j; is applied at the site k; cj).̂  

are the mode shapes for the r th mode at the sites yand A which correspond to 

deformation ratios for the r t h mode; co is the angular excitation frequency; and 

are termed the modal constants. Equation A3.6 indicated that the response is 

expressed by a summation of all the modes. It can be approximated to a single term 

corresponding to the dominant r th mode with a constant and complex residual term 

representing the contributions of the remaining modes: 

A + iB ^ 
aj^ = — + residual (A3.8) 

Experimental modal analysis extracts the modal properties of the natural frequencies, 

co ,̂ the damping, rj^, and the modal constants, and for each mode, generally 

based on equation A3.6. Finally, the modal matrix, [^], is determined using the 

relationship A3.7 and the deformation of the structure can be plotted at each mode. 

There are various methods for extracting the modal properties. A widely used single 

degree of freedom method is based on the fact that the frequency response around the 

resonance (equation AS.8) may be displayed as a circular locus when plotted on an 

Argand diagram (complex plane). The modal properties are extracted from the best fit 

circle based on equation A3.8. The method used in this study has been based upon a 

single-degree-of-freedom model classified as the dynamic stiffness (1/receptance) 

method. Reversing equation A3.8, equation A3.9 is obtained: 

(A3.9) 
^jk ^jkr '^^^jkr 

with: 

^jk = ccjf^-residual (AS. 10) 
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If the real and imaginary components of equation A3.9 are plotted against cô  with an 

assumption of the proportional damping for the structure (i.e. =0), it is possible to 

extract the modal properties directly from slopes and intercepts of the straight lines. 
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APPENDIX 4-ANSYS TEXT FILE OF NECK-HEAD-HELIVIET 

MODEL 
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* * * * * * * * 

/COM ********* MODEL 4 IS ALL NEW HEAD-NECK HELMET MODEL **************** 

/COM 

/COM ****REWRITTEN WITH UPDATED GEOMETRY AND OTHER PROPERTIES * 

/COM *******VERIFIED USING EXPERIMENTAL MODAL ANALYSIS RESULTS 

/COM 

/COM ******************PR0GRAM FOR ANSYS PREP7 (WITH PREPROCESSING) " 

/COM *******************FOR MODAL AND HARMONIC ANALYSIS********"******'****** 

/COM 

/COM ************************* LAYING THE FOUNDATION ******************************* 

/COM 

/FILENAME, H2 

/TITLE, Reuben Peckham, Neck-head Model Mk 2, October 1998 

/UNITS, SI 

/PREP7 

/COM 

/COM HE HEAD ================================ 

/COM 

ET,1,42 *PLANE 42 ELEMENT FOR THE HEAD 

MP,EX.1,10.E9 * HEAD'S YOUNG'S MODULULS 

ET,2,21 ,„3 MASS 21 ELEMENT FOR HEAD C OF MASS 

/COM WITH 2-D ROTARY INERTIA 

R,1,4.75,0.0211 MASS AND MOMENT OF INERTIA OF HEAD 

ET,3,3 BEAM 3 ELEMENT FOR RIGID LINK JOINING 

/COM HEAD TO C OF MASS 

ET,4,14„6 * C0MBINI14 TORSIONAL SPRING-DAMPER, 

/COM ROTATING ABOUT Z AXIS 

ET,5,14„1 * C0MBINI14 TORSIONAL SPRING DAMPER, UX 

/COM D OF F 

ET,6.14„2 * C0MBINI14 TORSIONAL SPRING DAMPER, UY 

/COM D OF F 

/COM 

/COM ******************************* NODES FOR THE HEAD 

/COM 

N,1,0,0 * DEFINING HEAD NODES 

116 

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * 



N,2,0,0.0803 

N,3,0.0169,0.0803 

N.4,.0.0082,0.125 

N,5,-0.0064, 0.1346 

N,6,-0.10175,0.2277 

N,7,-0.2099,0.1 

N,8,-0.13,0.03 

N,11,-0.2099,0.1346 

N,12,-0.1899,0.192 

N,13,-0.0264,0.192 

N,14,-0.064075,0.215 

N,15,-0.139425,0.215 

N,16,-0.17,0.03 

N,17,-0.09,0.03 

N,18,-0.07,0 

N, 19,-0.10175,0.1346 

N,20,-0.10175,0.17 

N,21 ,-0.10175,0.21 

N,22,-0.05,0.185 

N,23,-0.05,0.15 

N,24,-0.05,0.12 

TYPEJ 

/COM 

MATJ 

/COM 

2,1,2,17,18 

E,2,3,4,24 

E,2,24,17 

E,4,5,23,24 

E,5,13,22,23 

2,13,14,22 

2,22,14,6,21 

2,23,22,21,20 

2,23,20,19,24 

DEFINING ELEMENT TYPE 1- PLANE42 

STRUCTUR2 FOR H2AD 

D2FINING MAT2RIAL TYP2 1- SP2CIFYING YM 

OF H2AD 

DEFINING QUAD ELEMENTS FOR HEAD 

117 



E,19,8,17,24 

E,8,19,7,16 

E,19,20,11,7 

E,12,11,20,21 

E,12,21,15 

E,15,21,6 

/COM 

/COM ****************************** HEAD CENTER OF MASS **************************** 

/COM 

N,25,-0.1128,0.064 

TYPE,2 

/COM 

REAL,1 

/COM 

E,25 

/COM 

LOCATION OF HEAD CENTER OF MASS 

PREFERS TP MASS 21 ELEMENT FOR HEAD 

C OF MASS 

PREFERS TO MATERIAL CONSTANT 1 FOR 

HEAD 

SPECIFIES NODE 25 AS AN ELEMENT 

/COM RIGID LINKS * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

/COM 

MP,DENS,2,1.E-3 

/COM 

MP,EX.2,1.E10 

/COM 

R,2,1.E-4,1.4E-4,0.05 

/COM 

TYPE,3 

MAT,2 

/COM 

REAL,2 

/COM 

E.8,25 

/COM 

/COM 

/COM 

N,10,-0.13,-0.1325 

* DEFINING DENSITY OF RIGID LINK AS 

NOMINAL 

* DEFINING YM OF RIGID LINK AS V. STIFF 

* IE RIGID LINK IS V.LIGHT BUT VERY STIFF 

* REAL CONSTANT 2- CSA, INITIAL STRAIN, 

HEIGHT 

* USE ELEMENT TYPE 3 DEFINED AS BEAM 3 

* DEFINING MAT PROPERTIES 2 FOR RIGID 

LINK 

* DEFINING REAL CONSTANTS 2 FOR RIGID 

LINK 

* DEFING LINK BETWEEN NODES 8 AND 25 

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * RIGID LINKS IN NECK ************************* 

LOCATION OF NECK LINKS 
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N,9,-0.11,-0.06625 

TYPE,3 

ELEMENT 

IVIAT,2 

REAL,2 

/COM 

/COM 

/COM 

/COM 

/COM 

N,26,-0.13,0.03 

/COM 

N,27,-0.11,-0.06625 

/COM 

N,28,-0.13,-0.1325 

/COM 

/COM 

E,8,9 

E,9,10 

R,20,1.695,0.02 

/COM 

TYPE,2 

REAL,20 

E,9 

/COM 

DEFNING ELEMENT TYPE 3- BEAM 3 

DEFINING MATERIAL PROPERTIES 2 

DEFINING REAL PROPERTIES 2 

* SO THE PROPERTIES OF THE NECK BEAM 

ARE THE SAME AS 

* THE LINK IN THE HEAD 

*EXTRA NODE. IN SAME POINT AS NODE 8- TO 

JOIN SPRING TO 

*EXTRA NODE, IN SAME POINT AS NODE 9- TO 

JOIN SPRING TO 

*EXTRA NODE, IN SAME POINT AS NODE 10-

TO JOIN SPRING TO 

* DEFINING NECK LINKS AS ELEMENTS 

* DEFINING NECK MASS AND MOMENT 

OF INERTIA 

* ELEMENT TYPE 2- SIMPLE MASS 

* USING NECK MASS OF 1.695KG 

* DEFINING ELEMENT 9 AS HAVING MASS 

/COM * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * NECK SPRINGS * * * * * * * * * * * * * * * * * * * * * * * * * * * ^ * ^ 

/COM 

R,3,100 

/COM 

R,4,100 

/COM 

R,5,250 

/COM 

/COM 

* DEFINING TORSIONAL SPRING STIFFNESS 

AS 100 K01 

* DEFINING TORSIONAL SPRING STIFFNESS 

AS 100 K02 

* DEFINING TORSIONAL SPRING STIFFNESS 

AS 250 K03 
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TYPE.4 *USE ET4- C0IVIBINI14 SPRING DAIVIPER-AS 

/COIVI TORSIONAL SPRING 

/COIVI * ABOUT Z 

REAL.3 *REAL CONSTANT 3- K01 

E,8,26 *IVIAKE SPRING BETWEEN NODES 8 AND 26-

/COIVI (AT SAME LOCATION)-K01 

REAL,4 *REAL CONSTANT 4- WITH STIFFNESS FOR 

/COM K02 

E,9,27 *IVIAKE SPRING BETWEEN NODES 9 AND 27 (AT 

/COM SAME 

/COM L0CATI0N)-K02 

REAL,5 *REAL CONSTANT 5- WITH STIFFNESS FOR 

/COM K03 

E, 10,28 *MAKE SPRING BETWEEN NODES 10 AND 28 

/COM (AT SAME L0CATI0N)-K03 

/COM 

/COM STATUS- NOW TORSIONAL SPRINGS IN THE NECK ARE 

/COM ALSO COMPLETE. 

/COM 

/COM * * * * * * * * * * * * * * * * * * * * * * * * SPINAL TRANSLATIONAL SPRINGS * * * * * * * * * * * * * * * * * * * * * * * 

/COM 

R,6,6000 

R,7,7370 

TYPE,5 

/COM 

REAL,6 

E,10,28 

/COM 

TYPE,6 

/COM 

REAL,7 

E,10,28 

/COM 

D,28,ALL 

"STIFFNESS OF LINEAR SPRING K1 

"STIFFNESS OF LINEAR SPRING K2 

*ET 5- LINEAR SPRING WITH UX DEGREE OF 

FREEDOM 

'REAL CONSTANT 6 K1 HAS STIFFNESS 6000 

MAKE LINEAR SPRING K1 BETWEEN NODES 15 

AND 18 (AT SAME LOCATION) 

*ET6- LINEAR SPRING WITH UY DEGREE OF 

FREEDOM 

REAL CONSTANT 7 K2 HAS STIFFNESS 6600 

MAKE LINEAR SPRING K2 BETWEEN NODES 15 

AND 18 

CONSTRAINS BASE OF SPRINGS FROM 
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/COIVI IVIOVING 

/COIVI 

^QQiyj **************************************** |"j2LI\/1ET GEOMETRY ************************* 

/COIVI 

N.29,0.025,0.1546 

N.30,0.0325,0.1546 

N,31,0.00685,0.22345 

N,32,-0.0325,0.23825 

N,33,-0.10175,0.26095 

N,34,-0.172675,0.23825 

N,35,-0.22315,0.22345 

N,36,-0.25315,0.1346 

N,37,-0.25315,0.0946 

N,38,-0.26313,0.0946 

N,39,-0.26315,0.1346 

N,40,-0.23022,0.23052 

N,41,-0.179745,0.24532 

N,42,-0.10175,0.27095 

N,43,-0.02543,0.24532 

N,44,0.01392,0.23052 

TYPE,1 

IVIP,EX,5,1.E9 

ELEMENT 

IVIAT,5 

E,29,30,44,31 

E,31,44,43,32 

E,32,43,42,33 

E,33,42,41,34 

E,35,34,41,40 

E,35,40,39,36 

E,36,39,38,37 

/COM 

/COM 

/COM 

DEFINING ET1-PLANE 42 QUAD FOR 

CREATING HELMET ELEMENTS 

HELMET CENTER OF MASS AND RIGID LINKS 
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R,8,1.3,0.02 

REAL,8 

TYPE,2 

E,20 

HELMET C OF MASS 

TYPE,3 

REAL,2 

E,31,20 

OF MASS 

E,35,20 

/COM 

' HELMET MASS IS 1.3KG, MOI IS 0.02 

HELMET C OF MASS IS A POINT MASS 

DEFNING NODE 20 AS LOCATION FOR 

RIGID LINK 

MAT CONST 2 

RIGID LINK JOINING HELMET TO ITS CENTER 

/COM * * * * * * * * * * * * * * * * * * SCALP BEAM ELEMENTS BETWEEN HEAD AND HELMET* 

/COM 

R,9,1.8.E-32,1.E-4,0.03 

/COM 

MP,EX,6,265 

MP,NUXY,6,0.3 

MP,DENS,6,1.E-3 

MAT,6 

REAL,9 

TYPE,3 

E.13,31 

/COM 

E, 12,35 

FINISH 

/COM=============== 

/SOLU 

ANTYPE,MODAL 

M0D0PT,SUBSP,4 

SOLVE 

FINISH 

/SOLU 

EXPASS.ON 

MXPAND,6 

* REAL CONSTANTS 9, CSA=1E-2M2, 

IZZ=1E-4, HEIGHT=0.005 

* YM OF 265 OF SCALP 

* POISSON RATIO 

* NOMINAL DENSITY OF SCALP 

* MATERIAL CONSTANT 6 

* USE REAL CONSTANT 9 

* USE BEAMS ELEMENT 

* MAKING SCALP ELEMENTS BETWEEN 

HEAD AND HELMET 

=THE SOLUTION: 
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SOLVE 

FINISH 

/P0ST1 
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APPENDIX 5- SUPPLEMENTARY GRAPHS TO DEMONSTRATE 

INTERSUBJECT VARIABILITY AND COHERENCY 
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Figure A5,1 Transmissibility (Seat z to Head x) intersubject Variability, Std Mk VI 
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H Transmissibility (Seat z to Head z) Intersubject Variability, Std Mk VI 
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Figure A5.3 Transmissibility (Seat z to Helmet x) Intersubject Variability, Std MkVi 
Helmet 
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Hz 

Figure A5.4 Transmissibility (Seat z to Helmet z) Intersubject Variability, Std IVIk VI 
Helmet 
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Figure A5.5 Transmissibility (Seat z to Neck x) Intersubject Variability, Std IVIk VI 
Helmet 
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Figure A5.6 Transmissibility (Seat z to Neck z) Intersubject Variability, Std l\/1k VI 
Helmet 

127 



C(rad/s^)^/Hz)/( 

15.00 

0 . 0 0 0 ^ L 

0 . 000 30.00 
Hz 

Figure AS.7 Transmissibility (Seat z to Head pitch) Intersubject Variability, Std Mk VI 
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Figure A5.8 Transmissibility (Seat z to Helmet pitch) Intersubject Variability, Std Mk VI 
Helmet 
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Figure A5.9 Coherency (Seat z to Head x), Std IVIk Vl Helmet 
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Figure A5.11 Coherency (Seat z to Helmet x), Std IVlk VI Helmet 
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Figure A5.12 Coherency (Seat z to Helmet z), Std Mk VI Helmet 
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Figure A5.13 Colierency (Seat z to Neck x), Std l\/1k Vl Helmet 
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Figure A5.14 Coherency (Seat z to Neck z), Std IVIk VI Helmet 
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