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ABSTRACT : The dynamic response o f  the human head is invest igated using experi­
mental data and analyt ical simulations . The head accelerat ion response is 
character ized from experiments on seated human cadavers subj ected to frontal , 
occipital ,  and s ide head impacts . Acceleration time histories at the head 
vertex and at the front /occiput/s ide of the head are presented for measured 
force time histories and impact velocities .  Response r esults from a detailed 
multi-degree of freedom model,  incorporating iner t ial and cons t itutive proper­
ties of  the head-neck system ,  are also presented . Final ly , head injury cri­
teria ar e discus s ed on the basis of  experiments and model analysis . 

INTRODUCTION : Several experimental and analytical efforts have been recently 
direc ted toward character izat ion of the mechanical response of  the human head 
[l ,  2 ] .  The experimental studies have primarily entailed measurement and com­
parison o f  head motion responses of human volunteers , cadavers ,  animals , and 
test devices (dummies) to controlled impact s .  The analyt ical investigations 
have concentrated on the dynamic response solution and val idat ion of d iscrete 
parameter and cont inuum models . Injury mechanisms , thresho ld s ,  and cri teria 
formulated from these s tudies provide a basis for suppor t-restraint system and 
vehicle design. 

Extensive sled data on the human head neck response to inert ial accelerations , 
using human volunteers , has been presented by Ewing and Thomas [ 3 ] . The 
acceleration levels in this w�rk range from 5-lOG with typical angular accele­
rations of  about 1000 rad/ sec . Generalli et al [ 4 ]  have reported on the 
inj urious effects of rotational and translational components of  head accelera­
tion in squirrel monkey s .  McElhaney et al [ 5 ]  have presented force- t ime and 
corresponding head acceleration t ime prof iles f or human cadaver frontal and 
side head impa c t s .  Current research at Wayne S tate University [ 6 ]  and the High­
way Safety Research Ins t itute [ 7 ]  is concerned with the measurement of three 
dimensional human cadaver head motion . Computational d i f f icult ies have been 
encountered using data from two tr iaxial l inear accelerometers . These prob­
lems are being rectif ied by employing six or nine suitably positioned accele­
rometer s .  · Additionally , accelerometers for separating skull vibrational 
effects from the head rigid body motion are necessary . 

This paper presents human cadaver head acceleration-time responses to direct 
frontal , occipital ,  and temporal head impac t s .  Additionally , head-neck model 
simulat ions , results , and data from high speed f i lms ( 1000 frames per sec) are 
presented . 
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EXPERIMENTAL METHODS AND PROCEDURES 

The impact load ing apparatus , shown in Figure 1 ,  consisted of a mod if ied bar­
ber ' s  chair to posit ion and retain the cadaver , a s t riker pendulum with inter­
changeable striker head s ,  and a pendulum support frame . The cadave r ,  when 
seated and secured in the chair , was pos i t ioned f or e i ther frontal or occipital 
or side head impact by rotat ing and adj ust ing the chair . Impact velocity 
measurements were made with a switch act ivated by a cam on the pendulum arm . 
Pezoelectric f orce transducers mounted behind the striker face plate were used 
to measure impact forces . 

Two triaxial accelerometers (Entron) were mounted on the skull at the head 
vertex and either occipi tal or frontal or temporal positions depending on the 
locat ion of the impact . On some tests , the tr-iaxial accelerometers were supple­
mented with two s ingl e  axis Kistler accelerometers on the sku l l .  Figure 2 
illus trates a cadaver , with ver tex and t emporal accelerometer s ,  positioned for 
side head impac t .  

The impact series began with a relatively low velocity impact to verify the 
proper operat ion of the instrumentation and recording equipment . The impact 
veloc ities were subsequently increased until skull fracture was r ealized or 
considerable neck tis sue tearing was detec ted . High speed motion coverage , 
using a Hycam camera,  was made of  several impacts . 

ExPERIMENTAL RESULTS 

The frontal,  occip i tal , and side head impact results reveal consigerable varia­
bility in dynamic responses . Factors inf luencing the measured responses 
include str iker weight ,  init ial cadaver head positioning , s ites and inclina­
tions of head accelerometers ,  cadaver propert i es (neck s t i f fnes s ,  head mass ,  
etc . ) ,  skull vibrations , and location o f  impac t .  A peak impact force versus 
impact veloci ty representation of the head impact s  is illustrated in Figure 3 .  
A linear trend is evident for cadavers # 4 ,  #8 ( side impacts) , cadaver #3 (occi­
pital impac t s ) , and low force level f rontal impacts . The scatter in the data 
f or cadaver #9 can possibly be a t tr ibuted to progressive scalp/neck tissue 
tearing and / or cumulative skull indentat ions . The impact f orce durations in 
these impacts typically range f rom 5 to 10 msec with rise l imits of  2 to 3 sec . 

The terminology for characterizing the head accelerometer plots is given in 
Tab le I .  

+G , -G 
X X 

G 
y 

+G -G 
z '  z 

Table I :  Terminology for Head Acceleration Response 

Forward, Backward head accelerations respectively along head 
anterior-pos t er ior axis 

Lateral ( Side) head acceleration along head temporal axis 

Headwar d ,  Tailward head accelerations respectively along head 
superior-inf erior axi s  

Since the frontal , occ ipital , and temporal impacts produced head motion pri­
marily in the (X, Z) , (X, Z) , and (Y , Z)  planes respect ively,  the acceleration 
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component for the corresponding third axis was recorded only for a f ew impact s .  
This third axis component , in all subfracture cases , indicated small inertial 
ac celeration magnitudes with skull vibration component s .  The accelerometer 
direct ion cosines (d . c .

s
) are identif ied in the response plots so that conver­

sion from the head coordinate ref erence frame to the laboratory reference 
frarne (used for the Hycam data) can be made .  

Results o f  two subfracture frontal impacts with a 9 . 1  Kg (20 lb) s triker head 
are shown in Figure 4 .  The force-time characteristics f or all the head im­
pac t s  exhib i t  these tr iangulated pulses . The acceleration t ime pulses gene­
rally fo llow the forcing funct ion with superimposed skull vibration contribu­
tions . Impact force and striker , f rontal , and vertex acceleration-time plots  
for four occipital head impacts are given in Figures 5 and 6 .  In Figure 6 ,  
the impact force and acceleration- t ime histories for a 0 . 038 m ( l . Sin) 
padded styrofoam impact are compared with results f rom a conventional impact at 
the same impact velocity of  2 . 7 4 m/ s .  The padded and unpadded peak forces are 
1 . 43 KN and 6 . 58 KN respectively . Figure 7 illustrates impact force and tri­
axial vertex accelerat ion- t ime profiles for a s kull  fracture producing 
side impact . As expected , significant skull motion is evident along the three 
head axes . 

HEAD IMPACT MODEL RESPONSES 

The three-dimensional dynamic head-neck model,  Figure 8 ,  consists  of nine rigid 
bod ies.  I t  includes the head, seven cervical vert ebra e ,  and the torso with 
opt ions to incorporate two additional bodies , namely , the brain and the j aw .  
The rigid bodies are connected together by combinations of  interv�rtebral 
discs,  ligaments , and muscles . The s ix intervertebral discs below C-2 through 
T-1 are modeled by assuming the vervical vertebrae as r ig id and the discs as 
viscoelastic with axial bending , and shear effects included . The neck liga­
ment s are modeled with non-linear elastic springs and the muscles are modeled 
as viscoelastic Kelvin elements . The l igaments and muscles are assumed to act 
in the tens ion mode only . Figure 9 shows the atlanto-occ ipital , the atlanto­
axial ,  and the axial-C3 j o ints . The first  two j o ints are of  particular 
interest  since they have no intervertebral d iscs . The axial-C3 j o int is illus­
trated as a typical j o int for all o ther j o ints below i t .  Joint s topping 
forces and torques are applied to the rigid bodies when their range of mot ion 
limit is reached . S ince there are six degrees of  freedom at each j oint , the 
model can simulate neck motion in f lexion-extension , lateral f lexion , ro tation , 
and stretching . The model has the f l exibility for specification o f  force or 
accelerat ion inputs to the head or torso , and it predicts  linear and angular 
d isplacement , velocity, and acceleration of the head and seven cervical vert e­
brae . Dynamic f orces in the discs , l igaments , and muscles are easily obtain­
able and rotat ion and translation of the brain can also be determined . The 
governing coupled equations of mot ion, writ ten in the D 'Alembert form of 
Lagrange '  s equation, are numerically so·lved by the Runga-Kutta integrat ion 
rout ine . Figure 10 shows the dynamic head center of gravity d isplacement , 
velocity , and acceleration ob tained from the model s imulation and d i f f er entia­
tion of data from high speed movies ( 1000 frames per sec) for two sequential 
frontal impacts with impact velocities of  2 . 91 and 2 . 83 m/s ( 9 . 1  Kg str iker) . 
The peak computed angular acceleration for these impacts is about 3 000 rad/ 
sec2 . 
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DISCUSSION AND CONCLUSIONS 

The skull surface acceleration-time prof iles illustrate that vibrat ional 
effects superimposed on the inertial motion grea t ly influence the local magni­
tudes and time characteristic s .  S ince the fundamental skull-brain natural 
frequency is about 500 HZ and the impact force rise t imes (rig id impactor) 
are about 2 to 3 msec , the s ignificance of skull oscillatory mot ions in the 
accelerator tracts is apparent . The magnitude of the vibrational accelera­
tions relative to the inert ial value suggests that closed head , for r igid 
impac t s ,  can be induced by oscillatory accelerations at the contrecoup site .  
For padded impac t s ,  the inertial response is dominant and higher impact 
levels are required to produce contrecoup inj ury . 

The rnodel simulation and high speed photographic data both suggest signif icant 
rotational e f f e c t s .  The region at the base of the ear acts as an instantaneous 
center for the contact phase and subsequently undergoes l inear motion f or 
frontal as well as occipi tal impacts . The Hycam data also reveals considerable 
scalp-skull mot ion par t icularly at the impact site . The maximum radial dis­
placement of the scalp surface was obtained to be about 0 . 006 m at the impacted 
occipital site using a 2 2 . 7Kg striker with an impact velocity o f  4 . 87 m/s and 
peak force of  6 .  3 9  KN .  This value appears to be reasonabie .since the scalp 
itself compresses about 0 . 0045 m for an estimated contact s tr ess of  2 . 7 6  MPa 
and resul ting cornpressive s train o f  60 percent [ 8 ] ,  [ 9 ] .  

The average peak f orce magnitudes f or the skull fracture producing impacts are :  
Frontal - 6 . 17 KN Occipital - 1 2 . 50 KN ; and Temporal - 5 . 7 8 KN .  The force 
durations in these impacts range from 5 to 1 0  msec . The fractures in all 
cases are depressed s tellate fractures . The fracture f orce val�e� are compa­
t ible with published data [ 9 ] .  
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Figure 1 .  Impact Loading apparatus showing impac t  pendulum, support frame , 
recording equipmen t ,  and chair with experimental dummy . 
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Figure 2 .  Cadaver head positioned for side head impact with both triaxial and 
single axis Kistler accelerometers mounted on skull vertex and 
temporal region . 
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Figure 3 .  Peak force versus impact velocity for cadaver frontal , occipital , 
and side head impact s ;  f illed in legends designate skull frac ture 
producing impact s .  
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Force and accelera t ion time h is to r i es f o r  two frontal head impac t s .  
Impact velocities are 2 . 91 and 4 . 67 m/ s .  Approximate accelerometer 
d . c .  ' s  are :  vertex ( 0 . 96 ,  0 ,  0 . 26) ; occip ital ( 0 . 94 ,  0 ,  0 . 34 ) . 
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Impact for ce,  s triker acceleration and head accelerat ion plots for 
1 . 2 6 m/s (above) and 4 . 9 2 m/s (below) velocity impac ts with 2 2 . 7  Kg 
str iker . Approximate accelerometer d . c .  ' s  are :  Frontal ( 0 . 8 6 ,  0 ,  
0 . 0 5 ) ; vertex ( 0 . 50 ,  0 ,  0 . 86) . 
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Figure 6 .  Impact force and acceleration his tories f or unpadded (above) and 
padded (below) impacts at  same impact velocity of 2 . 7 4 m/s with 
2 2 . 7  Kg s triker . Approximate accelerometer d . c . 1 s  are :  Frontal 
( 0 . 86 ,  0 ,  0 . 50) ; ver t ex ( 0 . 50 ,  0 ,  0 . 86 ) . 
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. lL-. 

- 1 62-

,,,,,,.,,,,,,.-------.... _.. ...... 
�� ,, 

,/ ,, / tlC>.·llAIN \ I '°'""""' \ 

� } ',, _/' ....... . 
'''---��- A 

&. • °'° °' °" 

N·CI � 11·C2 � 
•H3 I o, ' ! U·c• I �: � 1 l•·CS 1 o, ,, 
H·C6 l 114 �I U•CI l �! 

61 
11•10ISO 

°' 

-�-1 
____ __ _ ln·-�I 

Figure 8 .  Three dimensional head-neck response model . 
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Figure 9 .  Connective tissue and j oint details for head , C-1 , C-2 , and C-3 . 
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D i s p lacernen t ,  vel o c i t y ,  and a cc e l era tion responses of head C .  G .  i l 1  
f or c i ng d i r e c t i o n  f rorn high speed photographic d a t a  and rnodel 
s o lu t ion for two frontal impact s .  




