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ABSTRACT 

Since the implementation of the dynamic test requirements, there has been 

increased interest among seat manufacturers in development of new energy absorbing 

seat concepts with lower weight and cost. Such energy absorbing seats mitigate head 

injury during crashes. The most effective mdicator of flight-worthy seats is the Head 

Injury Criterion. This criterion is a measure of head injury tolerance to mechanical impact 

during a 10-G dynamic test. Currently, such test procedures involve three 

anthropomorphic test devices (ATD) and two rows of seats in crash test facilities. These 

tests cost seat manufacturers about 2-3 million dollars per year. Thus, the motivation of 

this research was to develop a novel cost effective apparatus with similar fiinctionalities 

as a full-scale test apparatus. Hence, the objectives of this research included (1) design of 

a novel apparatus to simulate force profiles of a crash condition, (2) design of an ATD 

head-neck complex, and (3) preliminary investigation of the dynamic behavior of the 

head and neck based on a parametric experimental approach. The test apparatus 

introduced in this project utilizes a weight-pulley system, which is the driving force for 

the sled. The constructed design allows for the attainment of speeds up to 44 ft/s (as 

required by the Federal Aviation Administration. Five kinds of data are extracted from 

this test apparatus, namely, impact pulse shape, total velocity change, HIC, seat back 

deformation, and head-neck complex position. The apparatus was shown to be cost 

effective while providing repeatable and efficient results. The preliminary results 

confirmed apparatus could be used as test apparatus. 
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CHAPTER 1 

INTRODUCTION 

1.1 Introduction 

The exclusive use of transportation vehicles by a majority of the general population 

warrants that the manufacturing industry provide crashworthy vehicles. Current safety 

standards in vehicles have been incorporated from the study of numerous crash injuries. 

In automobiles the study of head, neck, facial and brain injuries have led to the 

implementation of safety devices such as restraint systems, airbags and energy absorption 

devices. In aircrafts safety standards have been modeled from the automobile industry. A 

noteworthy reduction in injuries can, therefore, be achieved by incorporating principles 

of crash resistance into aircraft structures and seating and restraint systems of an aircraft. 

Occupant protection provisions in civil aircraft have been generally limited to 

enhancement of post-impact survivability through emergency evacuation and 

flammability requirements. Seats and restraint systems have, in the past, been designed to 

comply with specified static strength requirements. With the amendment of the Federal 

Aviation Regulations (FAR) in 1988 and 1998 to require testing of civil aircraft seats, 

increased interest among airframe and seat manufacturers in development of new energy-

absorbing seat concepts with lower weight and lower cost than earlier configurations has 

been generated [1]. The new airworthiness standards require a dynamic test to assess the 

measure of the impact protection that such seats offer [2]. Novel analytical techniques 

are, therefore, required to model these new seat concepts efficiently [1]. 

1.2 Vehicular Passenger Protection 

1.2.1 Crash Injury 

Motor vehicle crashes are the leading cause of death among Americans between 1 

and 34 years old [3], where annual fatality toll has exceeded 35,000 deaths per year over 

the last 10 years [4]. Figure 1.1 shows the results of an annual census of motor vehicle 

deaths that was started in 1975. The total number of deaths was at its highest between 

1978 and 1979 at about 50,000 total deaths per year but has notably decreased. The 
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number of deaths could be decreased by further studying injuries in a crash environment 

and getting a better understanding of the injuries and the cause of deaths. These fatalities 

run a very high cost. The total societal cost of crash exceeds $200 billion armually 

according to the U.S. Department of Transportation [3]. Studying injury in a crash 

environment can help get a better understanding of the crash environment and the cause 

of death thus decreasing the societal costs. 

Approximately 10 million head injuries have been reported in the United States 

each year, with roughly 10% of them being considered moderate to severe [5]. Figure 1.2 

shows injuries by body location [6]. Thirty-one percent of all injuries are head and face, 

while leg and pelvis injuries are experienced in 22% of injuries. The head and face 

injuries combined with neck injuries total 40% of the injuries. By studying the head and 

face injuries plus neck injuries, this project may contribute to lowering that percentage. 

Head injuries typically result from either a direct impact on the head or from an indirect 

sudden motion applied through the neck [5]. Grov^ng evidence from database and 

laboratory studies demonstrate that effective occupant protection can be achieved with 

the airbag supplemental restraint and seatbelt restraint system [7]. 

Seat behs and airbags are just two of the many ways in which vehicle 

manufacturers are trying to make traveling safer. The Insurance Institute for Highway 

Safety performs a large number of crash tests and cars are rated according to their safety. 

Organizations like Insurance Institute for Highway Safety have web sites that display the 

test results of crash tests and car buyers can asses the results of different car makes and 

models. Auto manufacturers like Volvo pride themselves on manufacturing cars that are 

safe. Buyers are then attracted to purchase Volvo automobiles because of their high 

safety standards [8]. 

Crash surveys and laboratories have verified the effectiveness of the combined 

shoulder and lap belt with supplemental airbag restraint in reducing occupant fatalities 

and critical injuries [7]. It is believed that owing to the widespread use of seat belts, air 

bags and other automotive safety devices, the cause of head injury are gradually shifting 

from acute impacts to blunt impacts such as rotational impacts and medium-level 

transnational direct impacts moderated by energy absorbing materials [9]. Figure 1.3 



shows two identical cars, each initially traveling at 30 mph and possessing the same 

kinetic energy. Both cars decrease their velocity to zero but by different processes. The 

first car reduces its velocity by applying its brakes while the other collides with a rigid 

immovable barrier and rapidly loses all of its velocity. The car that is applying its brakes 

experiences a small force for a long time while the crashing car experiences a large force 

for a short time. Kinetic energy is lost from the first car by applying the brakes and thus 

losing the kinetic energy to friction while the energy from the second car is transformed 

into other forms of energy and remains within the body. This energy is then absorbed by 

the crushing of the front of the car. A similar process occurs to occupants within a car 

(Figure 1.4). Unrestrained occupants of the crashing car experience an event much like 

the vehicle hitting the rigid surface. Because the crashing car stops so quickly, the 

occupant continues to move forward at his initial velocity within the compartment and 

strikes the interior surfece that has come to a stop [4]. In Figure 1.5, the situation of the 

braking car is illustrated. The area under the occupant's velocity curve is 60 ft 5.3 in, 

which represents the displacement over the ground. The translation of the vehicle is 60 ft. 

Therefore, the area between the velocity time graph of the occupant and that of the car is 

5.3 in. This is the distance that the occupant will travel inside the compartment if the 

onset of the occupant was delayed 0.010 s [4]. This distance would be significantly larger 

if the velocities were large resulting in significantly more injury to the occupant. 

1.2.2 Seat Belts 

Restraints systems are used to mitigate the hazardous effects of crash events. 

Occupants restrained with the three-point belt system sustained facial injury in 22.5% of 

the cases and moderate brain injuries in 4% of the crashes. The driver's head contacted 

the windshield in only 14.1% of the crashes [7]. These are considerable improvements 

when compared to the number of injuries without restraints: 48.6% facial, 25% brain and 

62.5% windshield contact injuries [7]. These number can further be reduced by the study 

and understanding of the crash environment. 

A comparative examination of crash events that have and have not proven 

hazardous to humans has revealed that risk can be generally associated with how much 



and how fast the human must lose the velocity acquired in transportation process. These 

examinations have also revealed that, as the means by which a specific velocity change is 

accomplished are akered, a considerable variation in the human risk is also observed [4]. 

In Figure 1.6, the response of an anthropomorphic test device (ATD) from a belted sled 

test is illustrated. This model was developed from the manufacturer's product data with 

all the components being modeled exactly to represent the actual physical parts. Figure 

1.7 shows the computer-generated response of an occupant m a similar situation [10]. In 

Figure 1.7 (a), the occupant is unaffected by an opposing force; in Figure 1.7 (b), as the 

simulation of a halt is proceeding, the distance between the occupant's upper torso and 

the seat is increased; in Figure 1.7 (c), the fiill effect of the restraint system is observed, 

as the occupant's head, arms and legs are thrust forward, but the occupant is still 

considerably restrained. 

The velocity curves of the crashing vehicle and its unrestrained occupant are 

represented in Figure 1.8. The area under the vehicle's velocity curve represents the 

distance it travels over the ground while stopping, in this case, 24 in. If a male occupant 

is unrestrained, he will continue on after the initiation of a crash at his original velocity of 

30 mph until he contacts the instrument panel. He will arrive at the panel just as the 

vehicle has come to rest if we assume the panel is 24 inches in front of him. If the 

deflection of his body allows only an additional 3 in of motion, he will come to rest 11 

msec later decelerating at 120 G. Figure 1.9 shows the same crashing car but with a 

restrained occupant; the magnitude of the force applied to the occupant is reduced to one-

fourth the magnitude of the forces appUed to the unrestrained occupant [4]. To 

accomplish the needed velocity change, current belt systems apply their restraint forces to 

both the torso and the pelvis [4]. Vehicles will continue to be furnished with manual lap 

belts for lateral and rollover crash protection and to provide additional restraint in frontal 

collisions [7]. 

1.2.3 Airbags 

The beneficial performance of airbag supplemental restraints prompted federal 

regulations mandating that all new passenger cars be equipped with driver's side and 



passenger airbags by the 1998 model year [7]. In crashes where the driver was protected 

by an airbag only, facial injury was identified in 48.6% of the cases, moderate brain 

injuries were found in 25% of the injured occupants, and windshield contact occurred in 

62.5% of the crashes [7]. In Figure 1.10, typical kinematics during the impact event are 

illustrated. The absence of the lap belt permits the lower extremities to contact and 

penetrate the knee bolster restraint, which resuh in greater overall excursion of the 

occupant [7]. The advantage of the airbag system is that it applies the restrammg forces to 

the upper torso and head with a positive internal pressure, thereby exerting a distributed 

force on any body that distorts its free surface regardless of the penetrating object's 

geometry. This characteristic allows the airbag to distribute forces over a large area of the 

body [4]. In addition to an airbag, a device, such as a knee bolster, is sometimes used to 

provide forces to restrain the lower portion of the body [4]. 

1.2.4 Energy Absorption Devices 

Since the implementation of the dynamic test requirements, there has been 

increased interest among airframe and seat manufacturers in development of new energy 

absorbing seat concepts with lower weight and lower cost than earlier configurations [1]. 

It is preferable to design a vehicle in such a way that permits the collapse in a controlled 

manner, thereby ensuring the safe dissipation of kinetic energy. This controlled collapse 

limits the injuries incurred by the occupants [11]. An example is seen on larger airliners, 

where the extensive structure below the cabin floor can deform and absorb some impact 

energy. Sufficient survival volimie can remain even after large cabin sections deform or 

break up [12]. 

Energy absorbers have been developed which dissipate energy owing to friction, 

fracture, shear, torsion, crushing, cyclic plastic deformation, metal cuttmg, extrusion and 

fluid flow. They are made largely from metal components, although wood, plastic, and 

other materials have also been used [13]. The measurement of energy absorption of a 

system requires calculatmg the forces during the collision, which are needed to assess of 

the structural damage and survivability of the passenger [11]. Software that is generally 

used for analysis of energy absorbing devices is ABAQUS/Standard. Dynamic simulation 



of energy absorbing devices under a variety of load situations in different environments 

can be simulated. This program is a general-purpose nonlinear finite element program 

and is used to carry out eigenvalue buckle analysis [14]. 

The development of a better crashworthy seat design could be achieved through 

the application of cushions, energy absorbing tubes springs, and dashpots at a critical 

location of a frontal seat back rest [1]. Energy absorbing devices are usually put along the 

load path and at the anchorage of the seat to the floor of the airplane. Krauss and 

Laananen [15] demonstrated numerically that crush initiators could be used to protect a 

seat occupant from experiencing the high peak load, and to reduce loads on other 

structural members. A typical energy absorption test specimen is shown in Figure 1.11. 

The figure shows the tube before and after a load has been applied. Along the folding 

lines, plastic hinges are generated and the energy is absorbed by material yielding, plastic 

deformation, and fracture between the contact surfaces. Figure 1.12 illustrates a device 

that is used to test energy absorption specimens. The specimen is mounted on the 

movable barrier; then tests are run by impacting the movable barrier with a fixed barrier. 

1.3 Aircraft Accidents 

Although airline traveling experienced a total of 483 fatalities in the year 2001 

(Table 1.1), it remains one of the most popular modes of transportation [16] and, 

therefore, demands continued improvement in crashworthiness. Figure 1.13 illustrates 

rotorcraft major and fatal injuries to each body region. The results are shown for U.S. 

civilian helicopters, U.S. Army aircrafts and U.S. Army OH-58A. According to the graph 

the frequency of head and face/neck injuries totals 32% in U.S. Army aircrafts [17]. 

Figure 1.2 illustrates a similar frequency of 40% [17] for head/face and neck injuries. In 

each of the scenarios, the total head/face and neck injuries are higher than in any other 

body location. A review of this data then led to the selection of performance criteria 

directed at head, neck and facial injuries. 



1.4 Aircraft Seat Design 

Airplane seats have traditionally been designed to comply with static strength 

requirements. Figure 1.14 [17] shows a typical row of airplane seats with incorporated 

accessories such as a telephone and television monitor. Holistically, the airplane seat 

must meet crashworthy standards established by FAA. Dynamic performance standards 

that address both seat strength and the occupant impact protection characteristics of the 

seat have recently been defined for general aviation aircraft [17]. This has led to the 

development of airplane seats that are both ergonomically sound and safe when exposed 

to a crash environment. 

Occupant protection used to receive secondary attention [17], but the introduction 

of performance standards has led to crash dynamics becoming of significant importance. 

Energy absorption devices are incorporated into the design of seats to absorb the impact 

of a crash. Seat crash simulators like the one shown in Figure 1.15 simulate a crash 

environment. Here an airplane seat is mounted onto a sled so that extensive performance 

tests can be carried out. Each new design concept is similarly evaluated to confirm that 

the seats are crashworthy [18]. 

1.5 Head Injury Criteria 

One of the most popular measures of head injury tolerance to mechanical impact 

is an index known as head injury criteria (HIC) [19]. Introduced by Versace [20], it was 

adopted by the National Highway Traffic Safety Administration as the HIC for Federal 

Motor Vehicle Safety Standards (FMVSS) 208 [5, 21]. An injury criteria is defined as a 

relationship between a measured dynamic variable and the probability of an injury [2]. 

HIC originated from the work of the pioneers Gerdjian and collaborators. They 

developed the well-known 'Wayne State University Cerebral Concussion Tolerance 

Curve' that was interpreted as a limit between responses of the head to impacts causing 

fatal and non-fatal injuries. The original curve was simply an experimental correlation 

between effective acceleration of the head and the impact time duration [22]. From that 

concept, Versace developed HIC as an alternative interpretation of the Wayne State 

Curve [20]. 



HIC has proved to be a practical and effective basis for evaluating head impacts in 

automotive test, and the computation is easily accomplished in most test facilities likely 

to be used for the general aviation safety panel recommended test procedure [23]. 

Therefore, the Federal Aviation Administration (FAA) also considers the HIC test to be 

the best currently available head injury indicator [23]. The FAA carefiilly monitors the 

crash protection requirements for most categories of an aircraft. For example, dynamic 

evaluation is required to measure the head impact protection that is offered for passengers 

on transport airplanes in a crash environment. There are a number of test options 

available to evaluate this type of crash such as sled tests, pendulum tests, and drop 

towers. 

In a crash environment, the passenger in an airplane seat usually moves forward 

and collides either with the back of the seat that is in front, or with the bulkhead (see 

Figure 1.16) [24]. A bulkhead is an upright partition that separates airplane 

compartments. The bulkhead is very rigid where as the seatback is more flexible. Head 

injury is usually the result of these impacts. However, with the introduction of video 

monitors or telephones mounted on seatbacks, new factors that may cause injury are 

introduced (see Figure 1.14). Therefore, it is important to quantify the injury that may 

resuh from the mounting of these new items on the seat back. 

The HIC defines an acceptable degree of occupant injury. The value calculated by 

the HIC is an integration of data over a certain time base. In calculating the HIC, one of 

the parameters that must be found from the test is the dynamic variable. The deceleration 

of the head-neck complex is used as the dynamic variable. This value is obtained from an 

accelerometer that is placed inside the head-neck complex. The value obtained from the 

accelerometer is be substituted into the following HIC equation. 

HIC 

f., ^2.5l 

(^2-'l) 
f a(Od? 

M 

^2-^1 
(1.1) 

max 

where 

t\ is the initial integration time, expressed in seconds 



tj is the final integration time, expressed in seconds 

(̂ 2- î) is the time duration of the major head impact, expressed in seconds 

a{i) is the gravity of the head form expressed as a muhiple of g (units of gravity). 

The value of the impact deceleration will be combined with the pulse duration to obtain 

the value of HIC. To meet FAA regulations, the HIC must be less than 1000 to prevent 

serious injury [25]. 

1.6 Head Injury Test Machinery 

Various engineering firms contribute to the development of head injury test 

machinery. These include First Technology Safety Systems, HYGE™, Seattle Safety, 

MTS, MGA, Boeing and Simula. First Technology Safety Systems, the world's largest 

creator of sophisticated ATDs and computer crash test models, offers several different 

test facilities [26]. HYGE^^ is one of the recognized leaders in the field of dynamic 

shock testing technology and has been engineering, manufacturing and installing 

HYGE^^ Crash Simulation Systems for customers around the world for more than 35 

years [26]. Seattle Safety manufactures large payload sled systems for dynamic testing of 

automotive and aerospace seating and restraint systems (ATD testing). The deceleration 

sled system used by Seattle Safety utilizes a pneumatic propelled sled and a 

programmable decelerator that can reproduce a wide variety of crash pulse with excellent 

predictive accuracy [27]. MTS manufactures a new crash simulator with an advanced 

performance that features a boost in dynamic response exceeding 50 percent, providing 

more accurate simulation of real world events [28]. MGA and Boeing recently developed 

the head-neck impactor shown in Figure 1.17. It consists of an accelerator, pendulum 

arm, support arm, rebound brake system, ATD head-neck assembly and a computerized 

control and data acquisition system [24]. Simula uses a drop tower for conducting 

dynamic tests simulating crash impacts [12]. The drop tower test facility, shown in Figure 

1.18, is significantly larger then the test facility shown in Figure 1.17. 



1.7 Motivation 

The aim of this study is to develop a cost effective, repeatable and efficient device 

to perform the HIC test. The tests should be repeatable and should provide reduced setup 

time. There currently are several different test devices. However, prohibitive costs, 

extensive setup time, and laboratory space requirements limit the effectiveness of these 

full-scale tests as a means of basic research to gain a better understanding of the impact 

environment [29]. Currently, the cost of the test is about 2-3 million dollars per year for 

seat manufacturers [30]. Tests that are more efficient do not have the ability to perform a 

complete analysis in that they focus on one part of the body, for example, the neck. A 

more efficient structure implies extensive studies of the various parameters can be 

presented and alterations can be done on the areas that do not perform accordingly. By 

studying the head and face injuries plus neck injuries, this project may contribute to 

lowering the percentage of injuries in a crash environment. 

1.8 Objectives 

The objective of this project is to design, model and manufacture a HIC 

component test apparatus for analyzing occupant head impact with the interior of the 

airplane. The head impact will be measured by the HIC value. This is a practical and 

effective way to evaluate the potential of a head injury that could resuh from a crash 

impact [2] 

The test apparatus proposed in this paper is simple and inexpensive and will allow 

measurement of head deceleration along with other appropriate data that is prescribed by 

the FAA. The principles of a weight-pulley system will be utilized allowing the test to be 

performed at different velocities. The head component test apparatus will specifically 

measure head injury similar to forward collisions in transport airplanes. Furthermore, the 

apparatus could provide the testing of structures simulating different seat backs. Lastly, 

this apparatus has the flexibility to test HIC for other body sizes besides the 50 

percentile male by changing the neck and head. 
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1.9 Scope of Work 

This project involved the research, design, fabrication and testing of the head 

impact component test apparatus. Initial research was performed for each of the major 

components, namely, the track, the car assembly, the brake system, the tower and the 

release mechanism. Ideas were gathered from existing designs, such as roller coaster 

tracks. 

The entire apparatus was modeled using Pro/ENGINEER. All bearings, bolts, 

nuts and washers, along with the head-neck complex, were modeled in Pro/ENGINEER 

to reduce interference and to get a general picture of the dimensions of the test apparatus. 

During this process, the designs were updated accordingly. 

The fabrication phase was started after the entire apparatus was modeled. Pro 

Engineering drawings were made of all the major components and were subsequently 

manufactured in the Texas Tech University Department of Mechanical Engineering 

machine shop in Lubbock, Texas. Some of the more complicated components were 

manufactured on the mill or the lathe. All the welding tasks were performed in the 

workshop. After the manufacturing of the apparatus, test runs were performed to make 

sure the required velocities could be achieved. Final test runs were performed at ftiU 

capacity. 
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Figure 1.1: Vehicle deaths and death rates: (a) total deaths, (b) deaths per 100,000 people. 
[3] 
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Figure 1.2: Vehicular injuries by body location. 
[6] 
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Figure 1.3: Comparison of work done and energy absorption by vehicle. 
[4] 

14 



Figure 1.4: Comparison of work done and energy absorption by an occupant. 
[4] 
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Figure 1.5: Velocity-time diagram ofbraking car and occupant. 
[4] 
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Model (t = Onis.) Test (t = 0 ms.) 
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Figure 1.6: ATD response from behed sled test: (a) simulated, and (b) tests. 
[10] 
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(a) (b) (c) 

Figure 1.7: Computer-generated response of occupant from sled test: (a) before impact, 
(b) onset of impact, and (c) end of impact. 

[10] 
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Figure 1 8: Velocity-time diagram of crashing car and unrestrained occupant. 
[4] 
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Figure 1.9: Velocity-time diagram of crashing car and restrained driver. 
[4] 
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(a) (b) 

Figure 1.10: Impact kinematics of occupant and airbag: (a) before secondary impact and 
(b) during secondary impact. 

[7] 
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Figure 1.11: Folding oftube due to impact. 
[11] 
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Figure L12: Energy absorption test device. 
[31] 
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Table 1.1: Table of accidents involving passenger fatalities. [16] 

Date Location operator Aircraft Type 

01/13/82 
01/23/82 
07/09/8 2 
11/08/82 
01/09/83 

WASHINGTON, DC 
BOSTON, MA 
NEW ORLEANS, Ifi 
HONOLULU, HI 
BRAINERD, MN 

10/11/83 PINCKNEYVILLE, IL 
01/01/85 I A PA7, BOLIVIA 
01/21/85 RENO. NV 
08/02/85 DALLAS/FT WORTH, TX 
09/06/8S MILWAUKEE. WI 

AIR FLORinA 
WORI D AIRWAYS 
PAN AMERIC-AN WORLD AIRWAYS 
PAN AMERICAN WORID AIRWAYS 
REPUBLIC AIRLINES 

AIR ILLINOIS 
EASTERN AIR I INES 
GALAXY AIRLINES 
DELTA AIRLINES 
MIDWEST EXPRESS AIRLINES 

12/12/85 
02/04/86 
02/14/87 
08/16/87 
11/15/87 

12/07/87 
08/31/88 
12/21/88 
02/08/89 
02/24/89 

07/19/89 
09/20/89 
12/27/89 
10/03/90 
12/03/90 

02/01/91 
03/03/91 
03/22/92 
07/02/94 
09/08/94 

10/31/94 
L2/20/95 
05/11/96 
07/07/96 
07/17/96 

08/02/97 
L2/28/97 
06/01/99 
01/31/00 
09/11/01 

09/11/01 
09/11/01 
09/11/01 
11/12/01 

GANDER, NEWFOUNDLAND ARROW AIRWAYS 
NEAR ATHENS, GREECE TRANS WORLD AIRLINES 
DURANGO, MX PORTS OF CALL 
ROMULUS. MI NORTHWEST AIRLINES 
DENVER, CO CONTINENTAL AIRLINES 

SAN LUIS OBISPO, CA 
DAL I AS/FT WORTH, TX 
LOCKERBIE, SCOTLAND 
SANTAMARIA, AZORES 
HONOLULU, HI 

SIOUX CITY, lA 
FLUSHING, NY 
MIAMI, FL 
CAPE CANAVERAL, FL 
ROMULUS, MI 

LOS ANGELES. CA 
COLORADO SPGS, CO 
FLUSHING. NY 
CHARLOTTE, NC 
ALIQUIPPA, PA 

ROSELAMN, IN 
CALI, COLOMBIA 
MIAMI, FL 
PENSACOLA. FL 
MORICHES, NY 

LIMA, PERU 
PACIFIC OCEAN 
LITTLE ROCK, AR 
POINT MUGU, CA 
NEW YORK CITY, NY 

NEW YORK CITY, NY 
ARLINGTON, VA 
SHANKSVILLE, PA 
BELLE HARBOR, NY 

PACIFIC SOUTHWEST AIRLINES 
DEITA AIRLINES 
PAN AMERICAN WORLD AIRWAYS 
INDEPENDENT AIR 
UNITED AIRLINES 

UNITED AIRLINES 
USAIR 
EASTERN AIR LINES 
EASTERN AIR LINES 
NORTHWEST AIRLINES 

USAIR 
UNITED AIRLINES 
USAIR 
USAIR 
USAIR 

AMERICAN EAGLE 
AMERICAN AIRLINES 
VALUIET AIRLINES 
DELTA AIRLINES 
TRANS WORLD AIRLINES 

CONTINENTAL AIRLINES 
UNITED AIRLINES 
AMERICAN AIRLINES 
ALASKA AIRLINES 
AMERICAN AIRLINES 

UNITED AIRLINES 
AMERICAN AIRLINES 
UNITED AIRLINES 
AMERICAN AIRLINES 

BOEING 737-222 
MCDONNELL DOUGl AS DC-IO-SO 
BOEING 727-235 
noriNG 747-100 
CONVAIR 580-11-A 

HAWKER SIODELEY HS-748 2A 
BOEING 727-225 
LOCKHEED 188C 
LOCKHEED L-1011-385-1 
DOUGLAS OC-9-14 

DOUGLAS DC-8-63 
BOEING 727-231 
BOEING 707-323B 
MCDONNELL DOUGLAS DC-9-82 
MCDONNELL DOUGLAS DC-9-14 

BRITISH AEROSPACE BAF-146-2 
BOEING 727-232 
BOEING 747-121 
BOEING 707 
BOEING 747-122 

MCDONNELL DOUGLAS DC-10-10 
BOEING 737-400 
BOEING 727-225B 
MCDONNELL DOUGLAS DC-9-31 
MCDONNELL DOUGLAS DC-9-14 

BOEING 737-300 
BOEING 737-291 
FOKKER 28-4000 
DOUGLAS DC-9-30 
BOEING B-737-300 

ATR-72-212 
BOEING B-757 
MCDONNELL DOUGLAS DC-9 
MCDONNELL DOUGLAS MD-88 
BOEING 747 

BOEING 757-200 
BOEING 747 
MCDONNELL DOUGLAS MD-80 
MCDONNELL DOUGLAS MD-83 
BOEING 767-200 

BOEING 767-200 
BOEING 757-200 
BOEING 757 
AIRBUS INDUSTRIE A300-600 

Passengers 

Fatal Surv 

70 4 
2 198 

137 0 
1 274 
1 29 

7 
21 
64 
126 
27 

248 
4 
1 

148 
2 5 

38 
12 

243 
137 
9 

110 
2 
1 
1 
7 

20 
20 
25 
37 

127 

64 
152 
105 

2 
212 

1 
1 

10 
83 
81 

56 
58 
37 

251 

0 
0 
1 

26 
0 

0 
110 
125 

1 
52 

0 
89 
0 
0 

328 

175 
55 
46 
90 
33 

63 
0 
22 
20 
0 

0 
4 
C 

140 
0 

141 
373 
129 
0 
0 

0 
0 
0 
0 
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Figure 1.13: Rotorcraft major and fatal injuries to each body region 
[17] 
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Figure 1.14: Typical row of airplane seats. 
[18] 
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• I * ^ ^ ^ ^ J" 

Figure 1.15: Sled test on airplane seat. 
[18] 

27 



Time - 0 msec Time - 80 msec 
Time - 102 msec 

Time - 120 msec Time - 142 msec Time- 172 msec 

Figure 1.16: Impact of seat occupant with bulkhead. 
[24] 
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Figure 1.17: Head-neck impactor. 
[24] 

29 



Figure 1.18: Drop tower crash simulator. 
[12] 
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CHAPTER 2 

HEAD IMPACT TEST APPARATUS 

2.1 Introduction 

There are several different head impact test facilities. One of the major 

differences between the test facilities is the way in which the test device is accelerated to 

impact. The piston concept utilizes a piston system to accelerate the head-neck complex 

while the drop tower model takes advantage of gravity as a ft)rm of acceleration. Gravity 

and angular velocity are utilized in the pendulum concept to accelerate the body while 

pulleys with weights are used in the pulley system. 

In the apparatus introduced in this thesis a pulley system is used. This system 

takes advantage of the ratio of pulleys and weight to achieve the desired force, velocity 

and acceleration. I-beams are used as a track on which the car assembly travels before 

impact. The car assembly is locked in position by two pneumatic cylinders prior to 

release. A simple brake system utilizing friction is used to bring the car assembly and 

head-neck complex to stop. 

A head test device mounted on the car assembly is used to simulate the reaction of 

the occupant's head-neck complex to the impact. The accelerometer mounted in the head 

simulator measures the deceleration characteristics during impact with an additional 

accelerometer mounted on the car assembly to measure the impact. The resuh that is 

obtained is a graded response. That is, if the value of the dynamic variable increases, then 

the risk of injury should increase as well. The following sections introduce several test 

designs commonly being used commercially then describe in detail the HIC test 

apparatus built in this project. 

2.2 Concepts 

2.2.1 Piston Concept 

The piston concept uses pressurized air to propel the head-neck complex to the 

desired velocities. High-pressure dry nitrogen is a gas, which is used by MGA's 

component HIC test device to accelerate the inverted pendulum arm. Figure 2.1 shows a 
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schematic diagram of MGA's head-neck impactor [32], The accelerator pushes the 

support arm that is attached to the head-neck complex. The head is supported during the 

initial phase of acceleration to impede the head from backward motion due to inertia and 

that the desired head impact angle is maintained [24]. The piston concept is also 

commonly used in panel static tests. Figure 2.2 shows a typical panel static test apparatus 

in the test condition. In this test the stiffness characteristics of the panel representing bulk 

heads are tested. 

2.2.2 Drop Tower Concept 

In drop tower testing facilities, the head-neck complex is dropped vertically from 

a prescribed height. The head-neck complex is raised a certain distance from the ground, 

thus gaining potential energy. The head-neck complex is then dropped to the ground and 

measurement of impact velocity, head acceleration as a fiinction of time and peak head 

acceleration are conducted. Figure 2.3 shows the schematic of a drop test facility, which 

consists of a head-form mounted on a support frame that slides along a vertical track. A 

hoisting winch is used to lift the support frame to the desired height. A release 

mechanism is used to discharge the test device from its locked position [33]. 

The 'head drop test fixture' facility, shown in Figure 2.4, is primarily sold to meet 

the head test requirements for the Hybrid Hl-style ATD. Other ATDs, like the Hybrid II 

50**" and EuroSID, can be tested using this test facility. This device is made by First 

Technology iimovative solutions [34]. 

The FAA sets the standards and regulations of running tests. Figure 2.5 shows the 

required setup for the drop tower test. Details, such as the head positioning for the drop 

test, are prescribed by the FAA [25]. 

There are also test facilities that simulate injury potential in full aircraft frames. 

Figure 2.6 shows such a drop test facility at the FAA technical center in Atlantic City. 

Two 50-foot towers connected at the top by a horizontal platform make up the facility. 

Airframes are dropped from heights of about l i f t with a nominal impact velochy of 

about 27 ft/s [35]. 
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2.2.3 Pendulum Concept 

Gravity, as well as angular velocity, is utilized to accelerate the test device in a 

pendulum set-up. In pendulum test devices where parts of the head-neck complex and 

seat are tested, tests can be run in two different ways. In the first set-up, the head-neck 

complex is attached loosely to a pendulum. The pendulum is raised to a desired height 

with the use of a winch and is released freely to strike the targeted padding material at the 

desired velocity. In the second set-up, the material is fixed loosely onto the pendulum, 

raised to the desired height and then released to strike the head-neck complex [36]. 

Before a Hybrid III ATD is used in a test crash, it has to be inspected in a lab. The 

ATD parts are tested and calibrated to ensure that the recorded results are comparable to 

those produced by counterparts. At Insurance Institute for Highway Safety [3], this 

experiment is performed using a pendulum test device. The head and neck are moimted 

onto a pendulum, which is swung at either 20 or 23 ft/s, and is then brought to a sudden 

stop [3]. The pendulum used by Insurance Institute for Highway Safety is similar to the 

pendulum in Figure 2.7. This pendulum is sold by First Technology Irmovative Solutions 

and meets the neck bending test requirements [34]. 

The pendulum test system is very diverse in that it can simulate various different 

impact situations. In pendulum test facilities used by Cessna, the system has been used 

for landing-gear impact tests and for development of rear engine mounts for Cessna 

airplanes [37]. The pendulum facility shown in Figure 2.8 is a pendulum-type gantry test 

facility. This facility can subject a test aircraft to both vertical and longitudinal velocity 

changes of decelerations [35]. 

The required criteria for rurming a pendulum head test are shown in Figure 2.9. 

The dimensions of the pendulum and the impact characteristics are defmed in the figure. 

As in all head-neck complex testing, these criteria are set up by the FAA [25]. 

2.2.4 Sled Test 

In the sled test facility, a track is used to guide a sled with a mounted ATD test 

device. Bungee cords and 318 in^ automobile engines have been used to power the sled to 
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reach the required velocity [37]. The advantage of the sled test is that an actual row of 

seats can be mounted onto larger sled test facilities. 

The heart of the Biodynamics lab at Civil Aerospace Medical Institute (CAMI) is 

the impact track. At 140 feet in length with two rails, a sled, winch and a braking system, 

it has proven its ability to play an important role in the study of crash environments. 

Figure 2.10 illustrates the CAMI test facility. The figure shows a child-restraint test set

up in front of the wire brake system. The sled can be propelled to a velocity of 44 ft/s and 

can be suddenly decelerated using the wire brake to simulate impact [38]. The wire 

brakes are adjusted in such a manner to achieve the levels and profiles of deceleration 

required by the FAA. 

2.2.5 Pulley Concept 

In a pulley-weight system, the motion of the sled will depend on the 

corresponding motion of the weight system. This dependence occurs because the bodies 

are mterconnected by an inextensive cord, which is wrapped around the pulleys. An 

example of the use of the pulleys is shown in Figure 2.11. The motion of a traveling 

block on an oil rig, which depends upon the motion of the cable connected to the winch 

that operates it. It is important to be able to relate these motions in order to determine the 

power requirements of the winch and the forces in the cable caused by accelerated motion 

[39]. 

The test apparatus introduced in this project utilizes a weight-pulley system, 

which is the driving force for the sled (Figure 2.12). This setup consists of (a) data 

acquisition, (b) camera, (c) accelerometer, (d) head-neck complex, (e) seat back, (f) 

acceleration mechanism, (g) winch, (h) release mechanism, (i) carriage, (j) energy 

absorption device, (k) deceleration mechanism, (I) track, and (m) Photogate timer. A car 

assembly is used in place of a sled and is coimected via an inextensive wire cord to the 

weight system. A winch that is attached to the track lifts the weight system using an 

inextensive wire cord that is coimected to the rear of the car assembly. Once the weight 

system is raised to its desired height, the car assembly is locked in position. After the area 

is safely cleared the sled assembly is released, accelerating across the track and impacting 

34 



the test structure at the other end of the track. This system takes advantage of the pulley 

ratio to increase the force, velocity and distance traveled of the car assembly. 

Table A. 1 shows the model tree of the HIC tests apparatus buih in this project. 

There are several major components; the frame system which is the tower and houses the 

pulleys and the weight system, the track and car assembly, which has the car assembly as 

one of the major components and the track. In total, the apparatus has 349 piece parts and 

subassemblies all modeled in Pro/ENGINEER [40], 

2.3 Pulley Assembly 

2.3.1 Calculations 

The following calculations show the relationship between the pulleys and the 

forces that are experienced by the car assembly. Figure 2.13 shows a schematic of the 

pulleys and wire. The total length of the cable is 

/l+/2+/3+/4+/5+/6+/7+C = Z, (2.1) 

where h, C and L are constant and C = Sc; But noting 

h = h = h = k = h = k = 1̂ (2 2) 
and using in Equation 2.2 in 2.1 yields 

Px,+l,+C = L (2.3) 

where P is the number of pulleys. Noting that 

l'j=h-X2 (2.4) 

and substituting Equation 2.4 in 2.3 yields and solving for X2 yields 

x^=Px,+h + C-L. (2.5) 

Differentiating Equation 2.5 twice 

x^ = Px,. (2.6) 

The equations of motion for mi and m2 are 

Y,F.=-PT+m,g = m,x, (2.7) 

Y,Fx^T = m2X2. (28) 

Substituting Equation 2.8 into 2.7 and using Equation 2.6 then solving for x^ results in 

35 



similarly. 

The distance X2 that W2 

A , 

^2 

travels is found 

P^m2 + m^ 

_ Pm^g 

P^m^ + w, 

using Equation 2.11 

^* (2.9) 

(2.10) 

^2^=(^2)i^+2x2^2- (2.11) 

Letting (x2)i =0 and solving for xj yields 

*2^ 
^2=ZT- - (2.15) 

2x2 

the total distance traveled by m2. Taking the derivative of Equation 2.10 with respect to P 

and equating the resuh to zero yields 

P = , P (2.16) 
\/w2 

the number of pulleys needed to minimize the distance traveled by W2 along the track. For 

the proposed apparatus six pulleys were selected as the ideal number of pulleys for the 

design. 

Additionally, calculations had to be performed to make sure that the track length 

is sufficient to achieve the desired velocity. The number of pulleys, along with the 

weights to be used for the acceleration, was a factor that had to be incorporated in the 

calculations. Equation 2.16 was used to find the ideal number of pulleys for the 

prescribed tower height and track length. The height of the tower is fixed and the length 

of the track is limited by the fact that the weights can only travel a certain distance in the 

tower therefore limiting the length of the track. Figure 2.14 shows the results for the 

calculations on finding the ideal number of pulleys relative to the weight of the car 

assembly and the length of the track. The calculations were performed for a car assembly 

weighing 20 lb and 50 lb. Analyzing the graphs led to the conclusion that 6 pulleys is the 

most versatile number of pulleys in that cars of various weights could be used in 

experiments. 
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2.3.2 Tower 

The frame that houses the weight system consists of two rectangular frames that 

are bohed on top of each other. The two frames are constructed of 2x2x1/4 in low carbon 

angle iron. Each frame member is welded together. The overall dimensions of the frame 

are 36x36x86 in Total weight is 310 lb. The lower frame weighs 120 lb and the top frame 

weighs 190 lb. In order for the frame to withstand a load of up to 900 lb, four cross 

members have been added to the top frame. Also, two 3xlV^xl/8 in beams have been 

added at the top center of the top frame. These beams house the upper pulley system and 

carry the entire load. Figure 2.15 shows the top and bottom frame. The bottom frame is 

filled with about 10 in of fine play sand, which is used to absorb the impact of the 

weights. The bottom frame is enclosed with aluminum sheet metal to hold the impact 

sand in place. The stress analysis for the frame was performed using Pro/MECHANICA 

[40] and the results can be seen in Figure 2.16. Since the frame is symmetric, only half of 

the frame was modeled to reduce the computational time. This analysis demonstrates that 

the tower can withstand a load of 1000 lb. 

2.3.3 Pulley Mechanism 

The top pulley system consists of three pulleys aligned on two 3x3x1/4 in angle 

steel as shown in Figure 2.17. The pulleys are bohed with 3/8 in bolts. This system is 

bohed to the top of the frame and the weight rack system hangs on these pulleys when the 

winch is cranked. The bottom pulley system is exactly the same as the top pulley system 

except that it is inverted. The bottom pulley system is welded onto the weight rack 

system as is seen in Figure 2.17. The wire cable from the cart travels through a pulley at 

the bottom of the frame, winds through both the top and bottom pulley systems, and is 

finally tied to an I-boh at the top of the frame. 

2.3.4 Weight System 

The weight rack system consists of two basic assemblies: weight rack and pulley 

interface. The weight rack provides a means for the weights/load to be placed. The design 
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consists of two 4x25x% in iron pipes welded to an 8x25x1 in iron plate. These pipes 

serve the purpose of holding the iron disks (weights). The iron disks that are to be used 

have an outer diameter of 11 in, an inner diameter of 4 V2 in, and a thickness of 2 1/2 in. 

Each disk weighs approximately 50 lb. Each 4 in pipe can house 10 disks, or 500 lb. 

Figure 2.17 shows the weight rack with weights on it. A top view of the weight rack 

system is shown in Figure 2.18. The weight rack is not m tension therefore the is no force 

applied on the car assembly. The bottom of the tower is filled with sand that the weight 

rack rests on. This sand is used to absorb the impact when the weights are dropped. 

The pulley interface is connects the lower pulley assembly to the weight rack. The 

design consists of two 1 in iron rods 30 in long welded to a 2 in plate. This plate is 

attached to the middle assembly by three 5/8 in boUs. Welded to the other end of the 1 in 

rods is a V2 in thick U-shaped beam. This U-shaped beam contains three 4 in pulleys. A 

1/8 in steel cable is wrapped aroimd the pulleys. When this steel cable is winched up, the 

weight system is lifted to the desired height. 

2.4 Acceleration Tracks 

In the test procedure, the car assembly and head-neck complex will accelerate on 

the tracks up to the unpact velocity and then the car assembly will be quickly decelerated 

to rest allowing the occupant to pivot and unpact the seat back structure. Roller coasters, 

railway tracks and garage door openers are some of the structures that employ a sunilar 

concept of the track and were a source of ideas m the design procedure. After comparing 

the different alternatives, two 40-ft steel wide flange I-beams were chosen for the 

acceleration tracks. The total height of the beam is 4.16 in and has a 4.060 m base. In 

order to protect the tracks from corrosion, a hoist system is used to lift the tracks off the 

ground. This hoist system also made it possible to level the tracks and thus allowmg the 

car assembly to travel with minimum friction. The top screws on the hoist system are 

counter-sunk into the clamp device to allow the car assembly to run without any 

interference. 
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2.5 Car Assembly 

Five sub-assemblies make up the car assembly system; the car frame, the tow 

hitch, the head simulator attachment, the seat back and the hydrolock. The car frame is 

made of 2x1x1/16 in rectangular tube and is 30 in long and 23 3/8 in wide. At the four 

comers of the car assembly, a 1 5/8x1 5/8x1/8 in C-channel is welded that is 4 5/6 in long 

(Figure 2.19). These act as columns for attaching the bearing axle system. Welded to the 

inside of the frame is a 2x2x5/16 in angle that is 4 in long and is the railing to attach the 

seat back. Each colunm has a set of 3 bearing axle systems attached on it. These bearings 

guide the car assembly during motion on the tracks (Figure 2.19). 

The back of the car assembly has a tow hitch that is made of cold-rolled steel. 

This is attached to the car assembly using two pieces of aluminum angle (see 

Figure 2.19). The hook from the winch attaches to the tow hitch. 

The seat back is made of alimiinum C-charmel and is the housing for the seat 

back. Different types of material will be mounted on the seat back frame for testmg 

purposes. Rotational motion of the seat back is controlled by the hydrolock. Motion of 

the hydrolock is similar to what is experience on an airplane seat. The hydrolock is 

attached to the car assembly by a c-chaimel machined out of aluminunL 

2.6 Head-Neck Complex 

An aluminum tube is used to simulate the neck/shoulder part of the upper torso. 

The head sunulator is made out of a steel pipe. Two pieces of aluminum angle are bohed 

onto the car assembly that attaches the head simulator to the car assembly. A boh is used 

to attach the head simulator to the car assembly that allows rotational motion. Figure 2.19 

shows the head-neck complex attached to the car assembly. 

2.7 Brake System 

A brake system prototype was manufactured and tested prior to building of the 

friction plates to validate the calculations and to test the idea of using the torque wrench 

to tighten the bolts and thus mcrease the friction. Figure 2.20 shows the experimental 

setup, and Figure 2.21 shows the graph of resuh. The graph shows that the displacement 
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decreases as the torque increased on the bohs. Increasing the torque had a corresponding 

exponential increase in displacement. This showed that the prototype brake system 

worked and could be used in the design of the HIC apparatus. 

Figure 2.22 shows a cross sectional of the brake system. The friction bar is 

trapped between the top friction plate and the bottom friction plate. When the car 

assembly impacts, it strikes the impact bar forcing the friction bar to slide. The two 

friction plates are made out of 25x16 steel plates that are V2 in thick and act as a brake 

caliper. The two plates are connected using the V2 in steel bohs. These bohs can be 

tightened to increase and thus slow down the car assembly upon impact faster or the bohs 

can be loosened to decrease the fiiction [41]. Figure 2.22 shows the actual brake system 

which is attached to the tower. The impact bar is at the outer most position before impact. 

Because the brake system is attached to the tower it is restricted from moving out of 

posrtion due to impact. The track is attached to the brake restricting it from sliding out of 

position. 

2.8 Release Assembly 

A Dayton 155 VAC Electric Winch is used to tow the system. This winch is not 

rigidly attached to the track allowing it to be moved to different locations on the track 

(Figure 2.23). If the car assembly is needed to travel the entire length of the track the 

winch is attached at the end of the track. Likewise, the winch can be attached in the 

middle of the track when experiments are run that do not require the car assembly to run 

the entire length of the track. A clamping mechanism is used to attach the winch to the 

track. A quarter pin is used to hook the steel cable from the winch to the car assembly 

during the towing process. 

Two pneumatic cylinders are used in the release mechanism (Figures 2.24 and 

2.25). Once the car assembly has reached its maximum distance a stop-switch is used to 

disable the winch. The top cylinder which is a Bimba model 500 double acting (pivot 

mount) pneumatic cylinder is then activated locking the car assembly in position (Figure 

2.23). The bottom cylinder which is a Speedaire model 6W102 double acting (pivot 

mount) pneumatic cylinder (Figure 2.25) is then activated unhooking the quarter pin, 
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which hooks the winch onto the car assembly. At this point the car assembly is held in 

locked position by the top piston only. When all the safety precautions have been carried 

out, this cylinder is released and the car assembly will race down the track to impact. 

A stop-switch is attached to the winch system. This swhch is used to turn off the 

wmch when the car assembly has reached the position where the pneumatic cylinder can 

lock it in place (Figure 2.26). A series of on/off valves are then activated to lock the car 

assembly into position usuig the top cylinder. The bottom cylinder is then activated to 

unhook the which. At this stage the car assembly is ready to be released. 

2.9 Data Acquisition 

PCB Piezotronics [42] accelerometers and signal conditioners were used for 

control and data acquisition purposes. For each accelerometer a suitable signal 

conditioner was selected to supply enough voltage to power it. Two different 

accelerometer models were used for feedback signal, which were connected to the head-

neck complex and the car assembly (Figure 2.27). PCB Model 353B52 accelerometer that 

has 490 vohs/m sensitivity is used with a PCB Model 480C02 signal conditioner for 

head-neck complex. A more sensitive PCB Model 353B34 accelerometer which has 99.1 

vohs/m sensitivity with a PCB Model 480B10 signal conditioner was used for the car 

assembly. This accelerometer and signal conditioner could use displacement signal 

histead of acceleration signal as the feedback signal. Displacement signal has lower noise 

compared to acceleration signal due to mathematical derivation that increases noise [43]. 

PCB Model 350A14 accelerometer that has 490 vohs/m sensitivity was used with PCB 

Model 480C02 signal conditioner for collecting displacement data of the primary mass. 

This accelerometer is specially designed for applications or tests that mvolve mild impact 

loading. 

A model 9215 memory Photogate tuner (Figure 2.28) is used to measure the 

velocity of the car assembly before impact [44]. The tuner is placed at a location that 

allows it to measure the velocity that the car has a few moments before impact. 

Three Motion Analysis model HSC-240 high speed cameras are used to record the 

impact. Mounted on a frame around the unpact site the cameras will record the data on a 
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Motion Analysis model VP 320 Video Processor. Once collected by the video equipment, 

the data is reduced to digitized outline and their centroids, which are input to the 

computer [45]. Figure 2.29 shows the high speed cameras connections consisting of (a) 

video camera, (b) video recorder, (c) video monitor, (d) video processor, (e) host 

computer, (f) graphics workstation, and (g) printer. 

The data acquiskion was performed using LabVIEW software, which was 

installed to a personal computer equipped whh National Instruments [46] model AT 

MIO-16E-2 data acquisition board. The board was connected externally to a connector 

block model SCB-68 also from National Instruments. This is a shielded I/O connector 

block for interfacing I/O signals to plug-in DAQ devices with 68-pin connectors. 

Combined with the shielded cables the connecter block has very low-noise signal 

termination. Lab VIEW is a graphical programming language specially designed to take 

measurements, analyze data, and present resuhs to the user [47]. This software saves a lot 

of time in programming compared to traditional programming languages because of its 

versatile graphical user interface. 

2.10 Data Analysis 

There will be five kinds of data extracted from this test apparatus, namely, impact 

pulse shape, total velochy change, HIC, seat back deformation, and head-neck complex 

position. Using all the devices discussed in the previous sections, these pertinent data will 

be measured or calculated. All the data analysis will be performed on the computer used 

to acquire the data as described in the previous sections. 

Data for evaluating the impact pulse shape are obtained from an accelerometer 

that measures the acceleration in the direction parallel to the inertial response (see 

Figure 2.12). Five characteristics of the impact pulse shape will be checked, namely, 

triangular shape, peak deceleration requu^ed by FAA, rise time required by FAA, total 

velocity change required by FAA, and lastly but not least, the velocity change required 

during the required rise time [48]. The total velocity change wall be obtained by 

measuring the time interval and a corresponding sled displacement that occurs just before 

or after (if necessary) the test impact and then dividing the displacement by the time 
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mterval [25]. The HIC will be calculated usmg Equation 1.1. It should be noted that this 

value will be evaluated from data acquired from three mutually perpendicular 

accelerometers installed in the head of the head-neck complex (see Figure 2.12). The seat 

back deformation (permanent) will be evaluated by observmg the deformation before and 

after the unpact test. The evaluation of the head-neck complex position on unpact will 

occur on studymg the unpact video from the high-speed cameras. 

2.11 Safetv Issues 

The forces that are generated during an experiment run are very large. Because of 

this certain safety precautions have to be taken. Figure 2.30 shows the safe control room 

that has been manufactured where the controls and data acquisition system are located. 

This area is surrounded by Plexiglas and wire mesh. Because the area is mounted on 

wheels, it can be moved to different locations dependmg on the amount of track that is 

being used and the area that has to be viewed. After the winch has been hook onto the car 

assembly the rest of the controls can be carried out from the control room. The entire 

work area has to be cleared as soon as the winch starts liftuig the weights. Any personnel 

m the area have to reside m the safe control room. A checkUst has been developed that 

has to be performed before an experiment is run. In order to keep the experiment safe to 

the user, areas that are exposed to high forces and fatigue have to be checked regularly. 

The wire cable has to be changed regularly. When movmg the wmch and release 

mechanism, extra care has to be taken to make sure the system is tightened sufficiently 

onto the track. 
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Figure 2.1: Schematic diagram of head-neck impactor 
[24] 
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Figure 2.2: Piston-activated panel testing device. 
[49] 
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Figure 2 3: Primary components of head drop test apparatus. 
[33] 
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Figure 2.4: Head drop test fixture testing. 
[34] 
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Figure 2.5: FAA required head position for drop test. 
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Figure 2 6 Drop tower research facility for fiill-scale aircraft crash testing. 
[35] 
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Figure 2.7: Pendulum neck flexion/extension test fixture. 
[34] 
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Figure 2.9: FAA specifications for pendulum-type test devices. 
[50] 
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Figure 2.10: Front view of sled test device. 
[38] 
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Figure 2.11: Pulley system used in an oil rig. 
[39] 
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Figure 2.12: Sled-testing apparatus: (a) data acquishion, (b) camera, (c) accelerometer, 
(d) head-neck complex, (e) seat back, (f) acceleration mechanism, (g) winch, (h) release 

mechanism, (i) carriage, (j) energy absorption device, (k) deceleration mechanism, 
(1) track, (m) inertial load, and (n) Photogate timer. 
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Figure 2.14: Ideal number of pulley calculation for (i) mi = 900 lb, (ii) mi = 720 lb, and 
(iii) mi = 600 lb: (a) m2 = 20 lb, and (b) mz = 50 lb. 
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Figure 2.15: Tower. 
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Figure 2.16: Finite element analysis of tower structure. 

59 



Figure 2.17: Pulley and weight rack system. 
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Figure 2.18: Top view of weight rack system. 
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Figure 2.19: Car assembly. 
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Figure 2.20: Experiment setup for braking system prototype experiment. 
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Figure 2.21: Brake adjustment experiments. 
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Figure 2.22: Brake system: (a) cross-section and (b) side view. 
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Figure 2.23: Release mechanism: (a) tow hitch engaged and (b) tow hitch unengaged. 

66 



Figure 2.24: Top view of winch and release mechanism. 
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(a) 

Figure 2.25: Release mechanism: (a) bottom cylinder and (b) top cylinder. 

68 



Figure 2.26: Control board. 
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Figure 2.27; Transducer mounting; (a) head-neck complex and (b) car assembly. 
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Figure 2.28; Photogate timer. 
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Figure 2.29: High-speed cameras cormections: (a) video camera, (b) video recorder, (c) 
video monitor, (d) video processor, (e) host computer, (f) graphics workstation, and (g) 

printer. 
[45] 
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Figure 2.30; Safe control room. 
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CHAPTER 3 

TESTS ON APPARATUS 

3.1 Introduction 

The primary measurement to obtain is the velochy. A Photogate timer is used to 

get a measure of the velocity of the car just before impact. In addhion to this 

measurement, a dighal video camera is used to film the impact for further image 

processing. 

The exact velochy that has to be attained is prescribed by the FAA [25] and is 

44 ft/s. This velochy is chosen to duplicate the fiill-scale test conducted by CAMI 

according to the FAR Part 25.562-test-2 (transport ahcraft category) [25]. 

A total of 28 experiments were run. The main variable that was being analyzed 

was the velochy. The aim of the experiments was to show that the HIC apparatus is 

capable of achieving the velocity of 44fl/s requu-ed by the FAA. This result was 

compared to the theoretical result that was performed prior to the manufacturing of the 

test apparatus. Comparison of velochies achieved from applying varying track lengths 

and weights are also carried out. 

3.2 Tests 

In these preliminary tests, the potential of the apparatus to achieve the impact 

velochies prescribed by the FAA were investigated. The head-neck complex dynamics 

was also studied. 

As described in Chapter 2, the impact velochy is measured using the Photogate. It 

is placed at the end of the track where the car impacts the brake system (Figure 2.32). At 

the point where the Photogate timer takes the measurements the car is experiencing 

constant velochy. This is the point just before impact, when the pulley weights have 

impacted the sand bed. The target velocity required for dynamic testing is 44 ft/s [25, 48]. 

To study the head-neck complex dynamics, a digital video camera was used. The camera 

was mounted at various locations in order to capture different views of the impact. 
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A total of 28 experiments were run (Appendix B). The experiments were broken up 

mto five sets, where the track length was mcreased for each set. In the first set of 

experiments, car assembly was adjusted to travel 5.75 ft and the pulley weights were 

adjusted to drop 0.96 ft. The pulley weights used were 141.12 lb, 171.99 lb, 202.86 lb, 

and 233.73 lb. In the second set of experiments, the carriage was adjusted to travel 

10.67 ft and the pulley weights were adjusted to drop 1.71 ft. The pulley weights used 

were the same as m the first set of experhnents, namely, 141.12 lb, 171.99 lb, 202.86 lb, 

and 233.73 lb. In the third set of experiments, the carriage was adjusted to travel 16.25 ft 

and the pulley weights were adjusted to drop 2.58 ft. The five pulley weights that were 

used are: 141.12 lb, 171.99 lb, 202.86 lb, 233.73 lb, and 337.59 lb. In the fourth set of 

experiments, the car assembly was adjusted to travel 20.83 ft and the pulley weights were 

adjusted to drop 3.50 ft. In this set of experiments, seven different pulley weights were 

used, namely, 141.121b, 171.99 lb, 202.86 lb, 233.73 lb, 337.59 lb, 441.66 lb, and 

545.74 lb. The last set of experiments was performed whh a track length of 26.25 ft. At 

this length the weights that were used were: 123.48 lb, 154.35 lb, 185.22 lb, 216.09 lb, 

319.50 lb, 423.58 lb, 527.44 lb, and 622.69 lb. For all these sets of experiments, the tune 

mtervals mdicated on the Photogate was recorded and the head-neck complex dynamics 

was taped usuig the dighal video camera. 

3.3 Results and Discussion 

3.3.1 Velocity 

Figure 3.1 depicts the hnpact velochy versus weights for 20.83 ft track length for 

(a) theoretical (see Table C2), and (b) experhnental (Table CI). Both the theoretical and 

experimental resuhs follow the same trend. For the track length of 20.83 ft, mcreashig the 

weight at the pulley end, mcreases the impact velochy achieved. The data seems to 

follow a logarhhmic Ime. As expected the velochies achieved experimentally are less 

than the theoretical. As a matter of fact, there is a difference of about 5 ft/s between the 

theoretical calculations and the experhnental runs. This difference is primarily due to 

friction. The track is not perfectly smooth; therefore, the bearings experience friction 

when the car travels on the track. Addhionally, there is fiiction between the cable and the 
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pulleys, which also contributes to the difference in resuhs. The maximum experimental 

velocity achieve at a track length of 20.83 ft was 34.73 ft/s, while theoretically the value 

obtained was 40.84 ft/s. 

Figure 3.2 shows the impact velocity versus weights for track travel of (a) 26.25 

ft, (b) 20.83 ft, (c) 16.25 ft, (d) 10.67 ft, and (e) 5.75 ft. As expected the higher impact 

velochies are achieved for longer track lengths compared to the short track lengths. It is 

also observed that between the pulley weights 141.12 lb and 233.73, the increase in the 

velochy seems to be higher for the longer tracks (e.g., 20.83 ft) compared to the shorter 

tracks (e.g., 5.75 ft). Furthermore, h is observed that the maximum velochy achieved, for 

track length 26.25 ft and pulley weight of 622.69 lb, was 45.29 ft/s. This velocity 

supersedes the FAA requhed velocity of 44 ft/s [25, 48]. 

Figure 3.3 shows the impact velocity versus track length. The track lengths are: 

(a) 26.25 ft (b) 20.83 ft, (c) 16.25 ft, (d) 10.67 ft, and (e) 5.75 ft. Again, the maximum 

velocity achieved is 44 ft/s. 

3.3.2 Head Dynamics 

Figure 3.4 illustrates the impact of the head simulator whh the seatback. The 

impact shows that the head/neck simulator pivoted forward and impacted the seat as is 

required. This illustrates that the head/neck complex performs accordingly and could be 

used to measure actual head injury. Illustrated in Figure 3.5 is a rear view of the 

head/neck complex during impact at 34.72 ft/sec. The rotational motion of the head/neck 

complex is similar to that seen in Figure 3.4. The head/neck complex rotates forward and 

impacts the seat back structure. 
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Figure 3.1: Impact velochy versus weights for 20.83 ft track length: (a) theoretical and 
(b) experimental. 
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Figure 3.2; Impact velocity versus weights for track travel of (a) 26.25 ft, (b) 20.83 ft, 
(c) 16.25 ft, (d) 10.67 ft, and (e) 5.75 ft. 
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Figure 3.3; Impact velocity versus track travel; (a) 26.25 ft, (b) 20.83 ft, (c) 16.25 ft, 
(d) 10.67 ft, and (e) 5.75 ft. 
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Figure 3.4: Side view of head-neck complex impact; (a) onset of impact, (b) during 
impact, and (c) end of impact. 
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Figure 3.5; Rear view of head-neck complex impact; (a) onset of impact, (b) during 
impact, and (c) end of impact. 
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CHAPTER 4 

CONCLUSIONS AND RECOMMENDATIONS 

4.1 Conclusion 

A novel test apparatus along whh a head-neck complex were designed and buih. 

The apparatus was shown to be cost effective while providing repeatable and efficient 

resuhs. Additionally, the design was shown to be versatile in that the required velochy 

can be achieved by varying the track length or by varying the drop weight. 

Current tests at 26.25 ft of track length and 622.69 lb of drop weight have yielded a 

velochy of 45.29 fb's. The total length of the track is 40 ft and the weight system is 

designed to hold up to 1000 lb, at these dimensions even higher velochy can be achieved. 

Thus the proposed apparatus is capable of performing at FAA required velochies. 

The dynamics of the head-neck complex was recorded using a dighal video camera. 

The impact showed that the head-neck complex pivoted forward and impacted the seat as 

is required. This illustrated that the articulation performed by the head-neck complex can 

be used to measure the actual head injury. 

4.2 Recommendations 

In order to experience a full-scale set of results, the high speed cameras and the 

accelerometers have to be developed. The value of HIC can be calculated from the data 

recorded by the accelerometer. To achieve the exact deceleration profile requu-ed by the 

FAA, an accelerometer with a higher sensitivity and a broader pulse duration has 

investigated. Whh the connection of the high-speed cameras, the mechanical movement 

and ergonomics of the head-neck complex could be analyzed. The high-speed cameras 

can record precise statistical data while taking video images and convert them to dighal 

outlines in real time thus converting video data into numerical information. 
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Figure Al: Model tree for head-neck mjury test apparatus 
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Table B.l: Table of experiments 

E
xp

er
im

en
t 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 

Track 
Length 

(ft) 

5.75 
5.75 
5.75 
5.75 
10.67 
10.67 
10.67 
10.67 
16.25 
16.25 
16.25 
16.25 
16.25 
20.83 
20.83 
20.83 
20.83 
20.83 
20.83 
20.83 
26.25 
26.25 
26.25 
26.25 
26.25 
26.25 
26.25 
26.25 

Pulley 
Weight 

(lb) 

141.12 
171.99 
202.86 
233.73 
141.12 
171.99 
202.86 
233.73 
141.12 
171.99 
202.86 
233.73 
337.59 
141.12 
171.99 
202.86 
233.73 
337.59 
441.66 
545.74 
123.48 
154.35 
185.22 
216.09 
319.50 
423.58 
527.44 
622.69 

Drop 
Height 

(ft) 

0.96 
0.96 
0.96 
0.96 
1.71 
1.71 
1.71 
1.71 
2.58 
2.58 
2.58 
2.58 
2.58 
3.50 
3.50 
3.50 
3.50 
3.50 
3.50 
3.50 
4.38 
4.38 
4.38 
4.38 
4.38 
4.38 
4.38 
4.38 
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Table C. 1: Experhnental resuhs 

c o 
E 
w 
O 

a. 
X 
UI 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 

Track 
Length 

(ft) 

5.75 
5.75 
5.75 
5.75 
10.67 
10.67 
10.67 
10.67 
16.25 
16.25 
16.25 
16.25 
16.25 
20.83 
20.83 
20.83 
20.83 
20.83 
20.83 
20.83 
26.25 
26.25 
26.25 
26.25 
26.25 
26.25 
26.25 
26.25 

Pulley 
Weight 

(lb) 

141.12 
171.99 
202.86 
233.73 
141.12 
171.99 
202.86 
233.73 
141.12 
171.99 
202.86 
233.73 
337.59 
141.12 
171.99 
202.86 
233.73 
337.59 
441.66 
545.74 
123.48 
154.35 
185.22 
216.09 
319.50 
423.58 
527.44 
622.69 

Drop 
Height 

(ft) 

0.96 
0.96 
0.96 
0.96 
1.71 
1.71 
1.71 
1.71 
2.58 
258 
258 
2.58 
2.58 
3.50 
3.50 
3.50 
3.50 
3.50 
3.50 
3.50 
4.38 
4.38 
4.38 
4.38 
4.38 
4.38 
4.38 
4.38 

Time 

(s) 

0.025 
0.022 
0.020 
0.018 
0.019 
0.016 
0.015 
0.013 
0.016 
0.014 
0.012 
0.011 
0.009 
0.014 
0.012 
0.011 
0.010 
0.008 
0.007 
0.006 
0.013 
0.011 
0.010 
0.009 
0.007 
0.006 
0.006 
0.005 

Impact 
Velocity 

(ft/s) 

8.33 
9.47 
10.42 
11.57 
10.96 
13.02 
13.89 
16.03 
13.02 
14.88 
17.36 
18.94 
23.15 
14.88 
17.36 
18.94 
20.83 
26.04 
29.76 
34.72 
15.66 
18.77 
21.04 
22.89 
28.94 
33.60 
37.20 
45.29 1 
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Table C2: Theoretical resuhs 

m. 
(ib) 

141.12 
171.99 
202.86 
233.73 

337.59 

441.66 

545.74 

V 
(ft/s) 

22.57 
24.75 
26.70 
28.47 

33.47 

37.49 

40.84 

m2 = 5.8 Ib 

g = 32.2 ft/s^ 
X2 = 20.83 ft 
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