
PARAMETRIC STUDY OF HEAD PATHS AND HIC DATA FOR AIRCRAFT SEAT 
AND CABIN INTERIOR CERTIFICATION 

 

 

 

A thesis by 

Ghanashyam Prabhu 

Bachelor of Mechanical Engineering, Goa University, India, 2000 

 

 

 

 

Submitted to the Department of Mechanical Engineering  
and the faculty of the Graduate School of 

Wichita State University 
in partial fulfillment of 

the requirements for the degree of 
Master of Science 

 

 

 

 

 

 

 

December 2006 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

© Copyright 2006- by Ghanashyam Prabhu 
All Rights Reserved 

 
 
 

 ii

Note that thesis and dissertation work is protected by copyright, with all rights reserved. Only 
the author has the legal right to publish, produce, sell, or distribute this work. Author 
permission is needed for others to directly quote significant amounts of information in their 
own work. Limited amounts of information cited, paraphrased, or summarized from the work 
may be used with proper citation of where to find the original work. 



PARAMETRIC STUDY OF HEAD PATHS AND HIC DATA FOR AIRCRAFT SEAT 
AND CABIN INTERIOR CERTIFICATION 

 
I have examined the final copy of this thesis and recommend that it be accepted in partial 
fulfillment of the requirements for the degree of the Master of Science, with a major in 
Mechanical Engineering. 
 

 
_______________________________________ 
Dr. Hamid M. Lankarani, Committee Chair 
 
 
 
_______________________________________ 
Dr. Babak Minaie, Committee Member 
 
 
 
_______________________________________ 
Dr. M. Bayram Yildrim, Committee Member 
 

 

 

 

 

 

 

 

 

 

 

 

 

 iii



 

 

 

 

 

 

 

 

 

 

To my Parents, my Guru and my Advisor….. 

 

 

 

 

 

 

 

 

 

 

 

 

 iv



ACKNOWLEDGEMENTS 

 

I would like to thank my professor and advisor Dr. Hamid M. Lankarani for his support, 

guidance and patience, throughout my MS academic years. I would also like to thank the other 

committee members, Dr. Babak Minaie, and Dr. Bayram Yildrim, for their valuable assistance 

and suggestions. I appreciate the help and constant motivation of Dr. Chandrashekhar Thorbole. 

Again I would like to thank my advisor for suggesting this topic for research and 

providing me with the necessary data to get started and for providing the required inputs as and 

when necessary. I would like to also express my gratitude to all my friends, colleagues and 

fellow students working in the Compmech Lab of the National Institute of Aviation Research 

(NIAR Lab), Wichita, KS for their cooperation and camaraderie. A special thanks to my Parents, 

for their continued, unflinching support and understanding through out the course of my masters 

education. Finally, I humbly thank the Almighty for giving me the strength in my most trying 

times. 

 v



ABSTRACT 

The main reason causing fatalities in the event of an air crash is head injury as a result of 

head impact of occupants to surrounding items in the cabin interiors. A total of 3448 accidents 

were reported in US civil and general aviation in 2005, out of which 655 were fatal with on-

board fatalities totaling 1150. The most important factor contributing to these statistics was head 

injury. 

Aircraft cabin interiors are divided using bulkheads and head impact with these 

obstructions form one of the major factors to study the physical measure Head Injury 

Criteria (HIC). Bulkheads are the partitions mounted using upper mountings and seat tracks on 

cabin floors of an aircraft that divide the cabin into various sections or classes for commercial 

travel. The structural significance of the bulkhead is to provide stability and reinforcement to the 

airframe and fuselage of the aircraft. When installed by the aircraft door, it protects passengers 

against the cold winds blowing from the airfield.  

The passengers sitting on the first row behind the bulkhead in the aircraft are less than 

three feet away from the bulkhead. Hence, in the event of air turbulence or an emergency landing, 

the front row passengers seated directly behind bulkheads or cabin class dividers have the 

tendency to have a head and upper torso impact with the bulkhead, making it important to study 

these criteria in order to reduce the HIC value. There are other obstructions in the head paths 

during a crash inside the cabin interiors of an aircraft. These may cause severe head injuries and 

in many cases can even cause fatalities. A comprehensive study of the head path can prevent 

these injuries. 

This thesis presents a parametric study conducted on the head paths and head trajectories 

during a crash using the Federal Aviation Regulations (FAR) Part 25 and Part 23. This thesis 
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also presents a parametric study of the properties of the bulkhead, the seat belt, the friction and 

the seat pitch, and how its variation affects the HIC value and the trajectory of the head paths. 

The attempt is to find the ideal set of properties so as to minimize the HIC value. For example, 

the stiffness of the bulkhead directly affects the structural stability of the aircraft. The more stiff 

the bulkhead, the more strength it imparts to the fuselage and vice versa. But as the bulkhead or 

divider panels get stiffer, the higher is the corresponding value of HIC. The attempt of this 

experiment is to arrive at the best possible stiffness so as to avoid human fatalities at the same 

time impart the highest structural stability to the aircraft fuselage. 

For this purpose, front facing impact tests are simulated using S2 50th percentile Hybrid II 

human dummy model with a regular two point restraint system as is common in aircraft seating 

systems. Simulation tests are conducted for a single seated occupant. Sets of parametric studies 

are conducted by varying the stiffness of the bulkhead, the coefficient of friction between the 

human dummy and the seat pan and backrest, the seat belt elongation properties and the seat 

pitch, so as to find the safest combination of material properties for the an allowable HIC value 

and maximum structural stability. 
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CHAPTER 1 
 

INTRODUCTION 

1.1 Background 

Head injury, one of the most traumatic experiences of human beings, has continued to be 

an important problem in prevention and management. With injuries of the body, the head and the 

face are most commonly involved. Injuries in falls, fights, in disasters, gunshots and war wounds, 

and in more recent times, injuries in traffic accidents, have made head injury an important cause 

of death among all the people in the United States at the age of four to forty-four. In human 

history the causes have included many and varied human experiences which can be grouped into: 

1) deceleration injuries due to falls, vehicular accidents including injuries in chariots, carriages, 

bicycles, motorcycles, motor cars, etc.; 2) injuries by missiles of various type and velocity, a club, 

rock, mace, slingshot, brick, hammer, blackjack, etc.; 3) injuries by explosive forces through 

guns, cannons, grenades, mines, projectiles, bombs, etc., including the ultimate in explosive 

devices, the atomic bomb[1]. 

A total of 3448 accidents were reported in US civil and general aviation in 2005, out of 

which 655 were fatal with on-board fatalities totaling 1150. Head Injuries account for almost 100 

percent of these fatalities. Most head injuries are caused due to frontal head impact of the 

passenger with the bulkhead or the seat ahead. This also contributes to the fatalities caused due 

to spine injuries as huge acceleration changes are involved when the head impacts the bulkhead 

or the seat in the front row. Head injuries are also caused by obstacles in the “Headpath” in a 

crash scenario. HIC problems are encountered in: 

1. Bulkhead 

2. Class Dividers 



3. Cabin Furnishings 

4. Cabin Side Walls 

5. Row-to-Row 

6. Cockpit Glare Shields 

7. Instrument Panel 

8. Wind Screen Posts/Side Posts 

Bulkheads in aircraft mainly serve the purpose of providing structural support to the aircraft. 

It provides reinforcement to the fuselage and also serves the purpose of a cabin class divider. 

During an air crash or application of emergency brakes during takeoff or landing enormous force 

of 16G’s and above is experienced by the passengers seated within the aircraft. Now the 

passengers seated directly behind the bulkhead have the tendency of a head impact with the 

bulkhead which given the enormous force and the high speed involved can be fatal. Research 

involving frontal impact and development and certification of 16G seats is difficult and time 

consuming due to overruns in schedule. Airline companies try to solve the issue by removing the 

first row of seats behind the bulkhead which results in accumulated loss of revenue. 

The study carried out on air crash fatalities up until 1988 by the General Aviation Safety 

Panel (GASP) revealed data which was quantified and divided by the GASP into the various 

sections of the human body like, head, face/neck, upper extremities, thorax/abdomen, spine, 

lower extremities and the rest were under “unqualified”. The GASP panel reviewed the data and 

identified three injury criteria namely: 

• Head Injury Criteria (HIC) 

• Lumbar Load 

• Upper Torso restraint Load Limits. 
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Figure 1.1 GASP data on fatalities in air crashes until 1988 [3] 

 The GASP panel arrived at various limits for the different injury criteria’s and quantified 

them as follows: 

Table 1.1 Injury Pass-Fail Criteria identified by GASP [3] 

Parameter Injury Criteria 

Head Injury Criteria (HIC) 1000 

Shoulder Harness Loads 1750 lb.(single) 2000 lb. (dual) 

Lumbar Load 1500 lb. 

Femur Load 2250 lb. 
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Head Injury Criteria or HIC was defined by Gurdjian as [2] 
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where: 
a(t) = acceleration at the center of gravity of occupant’s head in G's, 
t1 & t2 = initial & final integration time resp., given in seconds 

 

HIC is acknowledged as a criterion in this study for setting up a safe solution to the compelling 

problem. Maximization is carried out by finding the time interval (t2 – t1) that gives the greatest 

functional value.  This parameter has been fashioned from the Federal Motor Vehicle Safety 

Standard (FMVSS) No. 208 [3].   

For aircraft purposes, the definition varies in that the HIC is measured over a time period 

when the skull of the Anthropomorphic Test Dummy (ATD) comes in direct contact with any 

part of the structure within the aircraft.  A HIC value in excess of 1000 is defined as an Injury. 

The General Aviation Safety Panel (GASP) accepts HIC value as one of the more important 

criterion for injury. This data has been used to help in the design and certification of aircraft 

seating and restraint systems.  The requirements of HIC criteria were accommodated and are 

clarified in 14 CFR 23.562 [4] and 14 CFR 25.562 [5]. 

Other methods which include component test devices make for helpful engineering tools 

to measure HIC data for industry purposes.  An authenticated HIC testing device must be easy to 

use and simple in operation and control. The HIC device should produce similar results repeated 

tests and data scatter due to a Full Scale Sled Test (FSST) should be minimal. The following 

parameters should have matching values when compared with a tallying FSST in an 

authenticated HIC component tester:    
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1. HIC  

2. HIC window, Δt = t2 – t1  

3. Mean resultant acceleration of the C.G. of occupant’s head. 

4. The profile of resultant acceleration of the C.G. of occupant’s head. 

1.2 Literature survey 

Most literature motivating this study was derived from the paper presented to FAA-

CAMI by Dr. H.M.Lankarani on the Design and Validation of NIAR Component Head Injury 

Criteria Tester for FAR Part 23/25 Aircraft Seat Certification on June 9th , 2004. The report 

presented observes that the Head Injury Criteria (HIC) represents a significant challenge to 

engineers designing cabin interior furnishings for all classes of aircraft. The FAA certification of 

aircraft interior requires the compliance of Head Injury Criteria as specified in 14 CFR 23.562 

and 14 CFR 25.562.Full scale sled test, which are extensively used to evaluate the design of 

interior furnishings are destructive testing ,often consumes several testing articles in the 

demonstration of compliance of design. Therefore, the HIC compliance poses a significant 

problem for the airlines and the manufacturers due to high costs and schedule overruns during 

the development and certification of aircraft interior [6]. 

The paper studies various tests such as the Balling ball tester, free motion head form 

tester, the MGA head/neck impactor tester and the pendulum test rig tester. The paper goes on to 

present a study on the development and design of the component HIC tester which can be used in 

place of full scale sled tests which are expensive as the seat and the dummy used for the test are 

destroyed in a single test and cannot be reused to give accurate results. The component tester can 

be reused and gives accurate results when validated with the actual sled test results. The 

validation results provided in the paper are also used to validate the results achieved through the 
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simulations in this research as this is the only authentic results that could be placed with the 

limited resources. 

A significant source of information was the source [8] which is a website with the 

complete encyclopedia of the various Federal Aviation Administration regulations on aircraft 

safety including interiors. The in-depth descriptions of the FAR Part 23 and Part 25 for aircraft 

cabin interior specifications were found on this website. 

The information for bulkhead design with in the simulation and various input parameters were 

obtained from the source [10]. Source [11] gave a brief discussion of the behavior of Bulkhead 

and the effect of the honeycomb structure on HIC value. Effect of structural foams for Bulkhead 

designs was gathered from the research presented in source [12]. Source [13] gave a brief idea of 

aircraft seat designs for simulation models. 

The various parameters for the set up of the simulation with in MADYMO were provided 

by CAMI sled test # A05042 [6]. Other information such as the geometry of the seat including 

the height of the seat pan along with the cushion, the angle of seat back, the additional weight of 

the garments on the dummy was obtained from the information derived from this test. Also 

critical information such as belt pre-tension, rearward and downward loading into the seat were 

also obtained from the CAMI sled test # A05042 [6]. Pertinent information was also obtained 

from other FAA related websites. 

1.3 Scope and Objectives of the Research 

 The study was mainly divided into two separate sections. The first part of the research 

was to study the various parameters affecting the Head Injury Criteria (HIC). In reality during an 

air crash, this is a less than one in a million event, many forces come into play, mostly dynamic, 

that affect the injuries caused to human occupants of the aircraft. Here the focus of study was 
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exclusively on the Head Injury as this is the part of the human body that is most vital and severe 

injuries to this part usually results in fatalities. Four parameters were taken into consideration 

namely, the belt property, the seat pitch (average distance between the seat and the bulkhead), 

the bulkhead stiffness and the friction between the human dummy model used for the simulation 

with the surface of the seat. These are the four main parameters directly affecting the HIC value. 

These parameters were used in the simulation using FAR Part 23 regulations which states a 

particular value of acceleration and deceleration with respect to time. Two different types of 

belts were used, three different seat pitch values, five different stiffness of the bulkhead along 

with two different values of friction coefficient. This led to a total of sixty simulations for the 

various combinations of the different parameters. Again these parameters were varied using 

FAR Part 25 regulations for acceleration and deceleration with respect to time. A new set of HIC 

values was obtained so as to study the effect of these parameters in FAR Part 25. This gave a 

new set of sixty simulations which helped correlate the results and check for any discrepancies, 

so as to check if the same combination of parameters held good for both FAR Part 23 and Part 25 

or otherwise. 

 The second part of this study was to trace the head path in event of the air crash. In this 

section the bulkhead was taken off to study the full path traced by the head in the event of the air 

crash. Hence the two parameters of seat pitch and the bulkhead stiffness get eliminated. The 

other two parameters of belt property and friction coefficient were varied and the head paths 

were traced using the feature on Madymo software. Again this part was divided in to two 

sections, first one using the regulations on FAR Part 23 and then with the regulations on 

FAR Part 25. The head path is traced by the software using any point of reference on the head of 

the dummy used for the simulation. The software gives the x, y and z coordinates of the 
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reference point with respect to time as an output when selected from the program so that the path 

can be traced in three dimensional space or using a line graph.  FAR Part 23 specifies a different 

acceleration and deceleration graph with respect to time hence these simulations were carried out 

separately using a three point seat belt. Here again only the seat belt properties and the 

coefficient of friction were varied and the head path was traced in three dimensional space. 

These simulations give a near accurate data of the head paths in the event of an air crash so as to 

provide data for aircraft interior certification. 
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CHAPTER 2 

AIRCRAFT SEAT CERTIFICATION STANDARDS 

2.1 Federal Aviation Regulations (FAR) 

 The Federal Aviation Regulations abbreviated as FAR are the set of rules and regulations 

established and implemented by the Federal Aviation Administration (FAA) [7], which is the 

authority governing the aviation guidelines in America. The FAA is the government institution 

responsible for the certification, production approval, and continued airworthiness of aircrafts, 

and also the other certifications of safety related issues, pilots and mechanics involved in the 

maintenance and building of an aircraft. 

 The Federal Aviation Regulations became effective in 1988 and it specifies test 

requirements for [7]: 

1. General Aviation Aircraft which is specified in FAR Part 23 

2. Transportation Aircraft which is specified by FAR Part 25 and 

3. Rotorcraft which is specified under FAR Part 27 

There are two types of tests within these FAR regulations specified. The first type of test 

(test 1) is carried out to study the vertical component of the force experienced by the human 

body which is transmitted through the seat due to the vertical impact of the structure of the 

aircraft with the ground. For this purpose the tests are carried out by inclining the dummy-seat 

setup at an angle of 60 degrees with the horizontal. The velocity change and the g-force involved 

in this test is comparatively lower as the force transmitted is divided into angular components 

which are much smaller than the actual magnitude of the force. 
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Figure 2.1 Experimental setup of FAR test 1 condition [7] 

 
Table 2.1 Data showing values for various FAR under test 1 [7] 

 

 Part 23 Part 25 Part 27 
Pilot Passenger 

Vel. Change 
(ft/sec) 31 31 35 30 

gp (g's) 19 15 14 30 

tr (sec) 0.05 0.06 0.08 0.031 
 
 
 

 
Figure 2.2 Experimental setup of FAR test 2 condition [7] 

 
Table 2.2 Data showing values for various FAR under test 2 [7] 

 

 Part 23 Part 25 Part 27 
Pilot Passenger 

Vel. Change 
(ft/sec) 42 42 44 42 

gp (g's) 26 21 16 18.4 

tr (sec) 0.05 0.06 0.09 0.071 
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The focus in this research is on test 2 in which studies the effect of the g-forces 

experienced by the human body in the forward direction in a crash scenario. Since the aircraft 

has a higher horizontal component of velocity than vertical in a crash scenario the forces 

transmitted are also greater than in test 1 condition. The dummy-seat setup is placed at a 10 

degree yaw to the forward direction in the test 2 as specified by the FAR. This 10 degree yaw is 

neglected in the study in order to maximize the value of HIC which compensates for the factor of 

safety in testing. 

 
2.2 Federal Aviation Regulation (FAR) Part 23 

According to the FAR Part 23 the human body experiences a particular acceleration with 

respect to time. In Part 23 the characteristic of the acceleration v/s time graph is different in case 

of the passenger and the pilot as a significant portion of the energy of impact is absorbed by the 

aircraft body as it is transmitted through the fuselage of the aircraft. Figure 2.3 shows the 

acceleration v/s time graph of a passenger in Part 23. 
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Figure 2.3 Acceleration versus Time for passenger in FAR Part 23  
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In case of the pilot the acceleration graph is much more steep comparatively reaching a 

maximum of 26g in 50 ms compared to the 21g in 60ms of the passenger. 
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Figure 2.4 Acceleration versus Time for pilot in FAR Part 23 

Apart from the specifications of the acceleration v/s time characteristics the FAR Part 23 

also specifies the following regulations for testing/certifying the interiors of an aircraft. A 

seat/berth should be provided for every occupant and it should meet the requirements listed 

below [8]: 

(a) Per the operating envelope of the airplane approved by the FAA, various flight and 

ground load conditions exist. The design of each seat/restraint system and its supporting 

structure must be such that it can support occupants who weigh at least 215 pounds 

during maximum loading caused by these conditions. In addition, a factor of 1.33 should 

be multiplied to verify the strengths of  

(1) Each airplane seat with its attaching structure; and 

(2) Attachment of each safety belt/shoulder harness with its seat. 

(b) Each seat & restraint system in various categories of airplanes must comprise of a seat, 

safety belt, and shoulder harness, combined with a metal-to-metal latch device. The 
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design should provide the occupant protection as required in Sec. 23.562. All the other 

seat orientations should have equal measure of occupant protection. 

 (c) The design of each seat & the supporting structure should carry occupants of weight 

170 in the least when subjected to inertia loading prescribed in Sec. 23.561(b) (2). These 

can cause serious head injuries. It is important to use safety belt & shoulder harness 

which has metal-to-metal latching device for each seat.  

(d) A single point release feature in necessary to have in the restraint system to ease 

egress in case of an emergency. 

(e) No crewmember shall be restricted from performing essential flight operations due to 

the fastening of seat belts or the shoulder harness. 

(f) The design of pilot seat should be sufficient to bear loads that arise from pilot forces 

on the primary flight controls as prescribed in Sec. 23.395. 

(g) The safety belts and shoulder harness should be designed such that they do not 

interfere with the general operations inside the aircraft or the rapid egress during an 

emergency. 

(h) The design of every seat must be such that unless placarded it should be able to 

accommodate occupants wearing a parachute. 

(i) The cabin area surrounding each seat should not have injurious objects, pointed edges, 

protuberances, and hard surfaces. Energy absorbing designs used should protect 

occupants from grave injuries when subjected to inertia loads arising from the ultimate 

static load factors as described in Sec. 23.561(b)(2) or they shall comply to occupant 

protection provisions of Sec. 23.562 as mentioned in part (b) and (c) of this section. 
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(j) Seat tracks have to be installed with stops to avoid the seats from skidding. 

(k) Design features such as crumpling, breaking of certain components shall be 

incorporated in each seat and restraint system to minimize occupant loads while 

complying with Sec. 23.562. Otherwise the system is to remain intact. 

(l) A front seat is defined as a seat whose location is by the flight crewmember station or 

any location by its side. 

(m) All berths fitted in line with the length of the aircraft should have a padded end-board, 

canvas foam or something having the same means to absorb the load reactions of a 215 

pound passenger under inertia loads arising due to ultimate static load factors as 

prescribed in Sec 23.561 (b) (2). In addition: 

 (1) Sharp edges and corners which can cause grave injuries to occupants in case of 

emergency landing shall be avoided in the design of berths. They shall include occupant 

restraint systems and  

(2) Inertia forces arising due to ultimate static loading as prescribed in Sec. 23.561 (b) (2) 

should be accounted for in the design of occupant restraint systems. 

(n) Seats and berths need to show proof of compliance to static strength requirements. 

These may be shown by: 

(1) Structural analysis, if the structure conforms to conventional airplane types for which 

existing methods of analysis are known to be reliable; 

(2) An aggregation of static load tests to limit load and analysis of the structure; or 

(3) Static load tests to ultimate loads. 
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2.3 Federal Aviation Regulation (FAR) Part 25 

 The FAR Part 25 takes a more liberal approach to the crash scenario as the graph of 

acceleration v/s time in this case is much more gradual for the passenger as compared to that of 

Part 23. There is no separate specification for the acceleration v/s time characteristics for the 

Pilot in FAR Part 25. The graph of the acceleration v/s time in Part 25 is as shown below. 
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Figure 2.5 Acceleration versus Time for FAR Part25 

It can be noted here that the graph is much more gradual as compared to those from Part 23. The 

max acceleration achieved is 16g’s in 90 milliseconds as compared to the passenger acceleration 

in FAR Part 23 which is 21g’s in 60 milliseconds. It can be expected that the values of HIC 

attained are much lesser than those in Part 23 testing all other parameters affecting, remaining 

constant. 

 Apart from the specifications of the acceleration v/s time characteristics the FAR Part 25 

also specifies the following regulations for testing/certifying the interiors of an aircraft. 

(a) Each occupant must be provided with a seat (or berth if nonambulant) if he or she has 

reached their second birthday. 
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(b) A person using facilities such as seat, berth, harness, safety belt, and adjacent part of 

airplane at each station which are occupiable during takeoff and landing must be 

designed such that proper use will not cause serious injury during an emergency landing 

due to the inertia forces as specified in Sections 25.561 & 25.562 of Federal Aviation 

Regulations. 

(c) It is mandatory that every seat or berth used must be approved. 

(d) Every occupant on a seat making greater than an 18° angle to the vertical plane which 

contains the airplane centerline has to be protected from head injury using a safety belt 

and a rest that is energy absorbing & supports head, shoulders, arms, and spine, or using a 

shoulder harness along with safety belt, that should avoid head contact with any injurious 

object. Every occupant in all other seats have to be protected from head injury by using a 

safety belt and depending upon location, type, and angle of facing of each seat, by one or 

several of the following: 

(1) A shoulder harness to prevent the head contact with any injurious object. 

(2) All injurious objects in the striking radius of the head should be taken out. 

(3) Support the head, spine, shoulders, and arms using an energy absorbing rest. 

(e) Every berth should be designed such that the forward section has a canvas diaphragm, 

padded end board, or equivalent means that can withstand the static loads due to reaction 

of the occupant when under force due to the forward inertia as specified in Sec. 25.561. 

Berths should be free from protuberances and sharp corners that are likely to cause injury 

to any person occupying the berth at the time of emergency conditions. 

(f) Every seat or berth, along with its supporting structure, and each harness or safety belt 

along with its anchorage should be designed to carry an occupant weighing 170 pounds, 
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allowing for the inertia forces, maximum load factors, and reactions among the occupant 

safety belt, harness and seat, for each relevant flight and ground load condition (including 

emergency landing conditions as described in Sec. 25.561). In addition: 

(1) Testing and structural analysis of seats, berths, along with the supporting structures 

shall be performed by assuming that critical load in all the directions (as determined from 

the designated ground, flight, and emergency landing conditions) acts distinctly or using 

chosen aggregation of loads if the needed strength in each particular direction is 

substantiated. In case of safety belts for berths, forward load factor shall not be applied. 

(2) The resulting reaction by applying pilot forces as mentioned in Sec. 25.395 must be 

used in the design of each pilot seat. 

(3) To measure the strength of attachment of each belt and harness to seat & structure, 

and attachment of each seat to the structure, a factor of 1.33 needs to be multiplied to the 

inertia forces (in place of the fitting factor mentioned in Sec. 25.625). 

(g) Each flight deck occupant when seated with the single point release restraint system 

fastened should be able to carry out all the necessary flight deck functions of an occupant. 

The combination of safety belt and restraint system shall have a design to secure it when 

not in use so that it will not interfere with the operation of the airplane or cause hindrance 

during the rapid egress in the event of an emergency. 

(h) All seat with in the passenger compartment and those assigned for passenger use by 

flight attendant have the following requirements: 

(1) Proximity to a floor level emergency exit, with exception that a different location is 

allowable if that location would enhance the passenger’s ability to egress in case of 

emergency. Type A or B emergency exit must have a flight attendant seat located next to 
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it. All other flight attendant seats should be evenly distributed on the required emergency 

exit floor-level to an extent practicable. 

(2) Without arbitrating contiguity to a required emergency exit floor level, the cabin area 

must be in the direct view of the responsible flight attendant to an extent possible. 

(3) When not in use shall not hinder the use of the passageway or exits. 

(4) Located to reduce the chances of occupants getting injured due to dislodged items 

service equipment, or stowage compartments from service areas striking them. 

(5) Should face forward or rearward with energy absorbing rest which is designed to 

support the head, shoulders, spine & arms. 

(6) Provided with a single point release restraint system comprising of a combination of 

safety belt and shoulder harness. When not in use the design should provide for securing 

the restraint system in such a way that it does not interfere with rapid egress in the event 

of an emergency. 

(i) A metal to metal latching arrangement must be provided with each safety belt. 

(j) A rail or handgrip must be provided in each aisle to allow occupants to use the aisle in 

passably rough air in case the seat backs do not have a firm handhold. 

(k) Each projecting object in the cabin must be sufficiently padded so as to avoid injuring 

occupants moving about or seated in the airplane. 

(l) Each forward observer's seat should prove suitable for use while conducting en route 

inspection as mandated by the operating rules. 
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CHAPTER 3 

MADYMO CRASH SIMULATION PROGRAM 

3.1 Introduction to MADYMO Program 

 MADYMO (Mathematical Dynamic Modeling) is software which is used to simulate the 

dynamics of various mechanical components and systems. MADYMO was initially used to study 

passive safety but in recent times has been used mostly to carry out biomechanics study of 

mechanical systems besides active safety. The software is now being widely used for office area 

designing, for industrial engineering, research and development laboratories and science 

universities. It is an exclusive composite of completely integrated multibody and finite element 

methods. 

MADYMO successfully utilizes within a single program the representation of a complex 

multibody with various complicated joints and methods of finite element analyses. It can also 

accurately simulate the structural behavior of the entire system. Both the alternatives of only a 

multibody or a combination of model and finite elements can be used for this purpose. 

The output of the MADYMO algorithm for various degrees of freedom in categorical 

form is a derivative of the second order. The quantity of computer iterations is directly 

proportional to the quantity of bodies if degrees of freedom for all kinematic joints are the same. 

This is especially helpful when dealing with a numerous systems of bodies. The initial conditions 

have to be specified before beginning the integration. Various kinds of kinematic joints are at 

hand having dynamic restraints which represent factors like damping, friction, joint stiffness, 

degrees of freedom, etc. User can manipulate joint conditions based upon requirements. 

An input file is created based on the information provided which designates the 

configuration, mass diffusion and the broad characteristics of the system.  
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The acceleration field model measures the forces at the center of gravity of bodies or 

finite elements caused by homogeneous acceleration field which is particularly helpful to 

simulate the various acceleration forces on a vehicle occupant during an impact. It is not 

mandatory to apply an acceleration domain on the bodies. 

Upon modeling an particular crash scenario using the MADYMO software, it is 

comparatively simple for users to calculate how the level of possible injuries can be lessened by 

adding safety features or by varying the design parameters. Hence the MADYMO software is a 

very helpful tool for improving vehicle safety [9]. 

3.2 MADYMO Program Description 

3.2.1 Inertial Space 

A coordinate system (X, Y, Z) is connected to the inertial space, Figure 3.1. The origin 

and orientation of this inertial coordinate system can be selected arbitrarily. Usually the positive 

Z-axis is chosen pointing upwards, i.e. opposite to gravity. The motion of all systems is 

described relative to this coordinate system. 

 

Figure 3.1 Inertial space coordinate system [9] 

Contact surfaces such as planes and ellipsoids restraint systems spring-damper elements 

Is L well as nodes of finite element structures in MADYMO can be attached to the inertial space. 
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3.2.2 Null Systems  

Several auxiliary systems with known motion can be defined, for instance to represent a 

vehicle for which the motion is known from experimental data, as shown in Figure 3.2. However, 

the preferred way to model this is using a system of one body with a prescribed motion. The 

coordinate system connected to a null system is denoted by (X, Y, Z) and is referred to as null 

system coordinate system. Contact surfaces such as planes and ellipsoids, restraint systems, 

spring-damper elements as well as nodes of finite element structures can be attached to a null 

system. 

 

Figure 3.2 Null system coordinate system [9] 

The motion of a null system coordinate system relative to the inertial coordinate system 

must be specified as a function of time. This motion is defined by the coordinates of the null 

system origin O and quantities that define the orientation of the null system coordinate system. If 

no motion is specified for a null system, its coordinate system coincides with the inertial 

coordinate system. 

The time points at which the position of the origin 0 is defined can differ from the time 

points for which the orientation is specified. This can be useful, for instance, in case the 
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orientation of a null system changes only slightly. Then the orientation can be specified at less 

time points than the position of the origin in order to reduce the amount of input data. 

3.2.3 Multibody Systems 

A multibody system is a system of bodies in which any pair of bodies of the same system 

can he interconnected by a kinematic joint; bodies of different systems cannot be connected by 

kinematic joints. The MADYMO multibody protocol for developing the equations of motion is 

befitting of different systems of bodies along with a tree structure, Figure 3.3 and systems 

containing locked chains. Systems having closed chains should have a tree structure by taking 

out each chain in a kinematic joint and the joints taken off are eventually accounted for by a 

closing joint. Each body can be connected to the inertial space using kinematic joints and its 

motion in space can be related to a time function. 

 

Figure 3.3 Examples of single and multibody systems with tree structure [9] 

A Kinematic Joint checks the motion of the two bodies relative to each other and in 

MADYMO, there are twelve different types of joints are at hand and they are spherical, 

cylindrical, revolute, planar, translational and universal. The way a specific type of kinematic 

joint constrains the relative motion of two bodies is characteristic for that type of joint. The 

relative motion allowed by a joint is described by quantities called joint degrees of freedom. 

Their number depends on the type of joint. 
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A system of bodies is defined by the specification of which bodies are connected by 

kinematic joints, the type of kinematic joints, the geometry, the mass distribution of bodies and 

initial conditions. In addition the shape of bodies may be needed for contact calculations or post-

processing purposes. Applied loads on bodies can be modeled with the force models described in 

subsequent chapters. 

3.2.4 Kinematic Joints 

A pair of bodies can be connected by a kinematic joint. A kinematic joint constrains the 

relative motion of this pair of bodies, e.g. a translational joint allows only relative translation. A 

kinematic joint is referred to by the number of the child body of the two bodies connected by the 

joint. The constraints enforced by a kinematic joint make a load on the pair of interconnected 

bodies, the constraint load and this load is such that the relative motion of the pair of bodies is 

restricted to a motion that does not violate the constraints imposed by the kinematic joint. The 

constraint loads on the separate bodies are equal but opposite as shown in Figure 3.4. Constraint 

loads help calculate the strength of the joint. 

 

Figure 3.4 Constraint load in a spherical joint [9] 
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CHAPTER 4 

METHODOLOGY 

4.1 Model Development 

 The model is built in Madymo using the information gathered from the actual sled test 

performed in the National Institute for Aviation Research (NIAR) crash test lab. The model built 

is validated against full scale sled test # 97191-003 which is used to measure the HIC value using 

and aluminium bulkhead with a honeycomb structure between sheets of aluminium. The Hybrid 

II ATD model is imported into the Madymo program and placed on the seat. The dummy is 

seated in an upright position as desired so as to face the bulkhead which is placed directly in 

front of the dummy. The seat is developed using planes in reference space along with the 

bulkhead. A simple two point restraint system is built using polyester seat belt properties. This is 

done by using the elongation properties of Polyester and also using the loading and unloading 

characteristics as observed in an actual Polyester seat belt. 

 

Figure 4.1 Model development compared to actual full scale sled test 
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4.2 Details of the Model 

 The Model is built as an exact reconstruction of the actual full scale sled test # 97191-003 

so that the results obtained. The seat used in the full scale sled test is a rigid seat hence is 

modeled using fixed planes in reference space with the seat pan of length 17.1 inches and 

inclined at an angle of 5 degrees with the horizontal. The back rest of the seat is again a plane 

with height of 25.64 inches and inclined at an angle of 13 degrees with the vertical. The seat 

buckle is placed at a distance of 34 inches from the bulkhead which is again a plane which is 

vertical and the stiffness is entered according to the information obtained from the actual sled 

test. The loading and unloading characteristics are also inputted into the program as obtained 

from the actual full scale sled test. 

 

 

Figure 4.2 Aluminium bulkhead used in actual sled test #97191-003 
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Figure 4.3 Load versus Displacement for the Aluminium Bulkhead 

Load-displacement plot for Belt used.
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Figure 4.4 Load versus Displacement for the polyester seat belt 
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Figure 4.5 Madymo representation of an actual polyester seat belt 

 

4.3 Validation of Madymo Model 

The model developed in Madymo is validated using an actual sled test performed at the 

National Institute for Aviation Research. The Human Dummy is emulated in the software using 

an Anthropomorphic Test Dummy (ATD), 50th percentile Hybrid II dummy model.  

This model is validated using an Aluminium Bulkhead with a honeycomb structure. The seat 

used for validating the model is a rigid seat and a polyester seat belt is used with linear loading 

characteristics. Figures below show the picture of the bulkhead used in the actual sled test. 
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Figure 4.6 Head acceleration profile for model and actual sled test #97191-003 

In the plot above the curve of the acceleration of the Head C.G. obtained from the full 

scale sled test overlapped with the curve obtained from the model simulation by matching up the 

peaks with respect to time to which gives a clear idea of the variation of the two. Since the 

variation is within the limits of experimental tolerance the model is considered suitably valid. 

Table 4.1 Comparison of Full scale sled test# 97191-003 with model simulation 
 

 
Parameters Sled Test #97191-003 Model 

Head impact angle (deg) 40 40 
Head impact 

velocity(ft/sec) 46 46 

HIC 1131 1220 

HIC window (ms) 15 22.6 
Head C.G peak 

acceleration(g`s) 113 99 

Head C.G avg. 
acceleration(g`s) 76 67 
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From the above table we can see that the values obtained from the Madymo simulation 

lie within 10 to 15% of the values obtained from the actual full scale sled test. The variation of 

HIC value is between the Full scale sled test and the Model developed is 7.3%, the variation of 

peak acceleration of the head C.G. is 14% and that’s of the average acceleration of the head C.G. 

is 13.4%. These smaller percentages of variation in the HIC value, peak and average 

accelerations of the C.G. of the head are acceptable with in the limits of experimentation and 

hence the Model is considered validated. 
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CHAPTER 5 

TESTING FOR HEAD INJURY CRITERIA (HIC) VALUE 

5.1 Introduction 

The various parameters affecting HIC are short listed to the critical ones which, even by 

slight variation cause a change in the outcome of the simulation results with special regards to 

the HIC value. These four parameters are seat pitch (mean distance of the seat buckle from the 

bulkhead), bulkhead stiffness, coefficient of friction between the surface of the seat pan and 

backrest with the surface of the dummy coming into direct contact with it and also the belt 

properties. In this case the belt properties are varied by first using the properties of nylon for the 

belt and then the properties of polyester. 

The Madymo program requires certain data inputs which are critical to the simulation 

program giving accurate and consistent results. The triangular input pulse given to the dummy is 

already discussed in chapter 2.2 and 2.3. Shown below, is the load versus deflection properties of 

the ethafoam bulkhead. 

 

Figure 5.1 Load versus Deflection Properties for the bulkhead 
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Figure 5.2 Load versus Displacement plot for the Belt used 

 

Figure 5.3 Load versus Displacement plot for seat cushion 
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5.2 HIC Variation in FAR Part 23 

In the first experimental set up the seat pitch is maintained at 32”. 32”, 34” and 37” are 

the standard values of seat pitch used in industry for testing including full scale sled tests. For 

seat belts Polyester and Nylon are chosen as they are the materials commonly used in Aircraft 

Industry in the present times. Two sets of results are obtained by first using Nylon seat belt 

properties and then using the properties of a Polyester seat belt. Now with in the Nylon and 

Polyester seat belt simulations two more subsets are obtained by varying the coefficient of 

friction as 0.3 and 0.5. The material of bulkhead is Ethafoam, which is a strong, resilient, 

medium-density, closed-cell, white polyethylene foam which is acceptable for use in the 

preservation of historic objects. Sold in planks 2in. and 4in. thick, it is an ideal material to use to 

cushion and protect fragile items. Ethafoam is easy to cut into the appropriate shape for 

particular purposes, including displaying items, creating cushioned housings, or for protection 

during transportation. The stiffness of the bulkhead used for the simulations are 145, 225, 285, 

350 & 400 pounds per inch which is the stiffness of commercially available variants of Ethafoam 

viz. Ethafoam200 (density 36kg/m3), Ethafoam222 (density 48kg/m3), Ethafoam 400(density 

60kg/m3), Ethafoam 700(density 105kg/m3), and Ethafoam 900(density 140kg/m3). The HIC 

values obtained from these simulations are tabulated and plotted on graphs for a better 

understanding of its variation with respect to the stiffness of the bulkhead material. The scatter 

expectedly shows a rise in the HIC value with the corresponding increase in bulkhead stiffness. 

The graph falls in its slope as the value of the bulkhead stiffness increases which is discussed 

further in this report. The first 6 sets of values are for FAR Part 23. 

Following are the graphs and the HIC values for seat pitch of 32 inches for Nylon and 

Polyester seatbelts with the various values of bulkhead stiffness: 
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Variation of HIC with bulkhead stiffness
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Figure 5.4 HIC variations for Part 23 using a Nylon seat belt with seat pitch of 32”  

 

 

Table 5.1 HIC values for Part 23 using Nylon seat belt with seat pitch of 32” 

 Friction 

Stiffness 
(lb/in) 0.3 0.5 

145 484 505 

225 1290 1361 

285 1964 2048 

350 2489 2531 

400 2714 2862 
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Variation of HIC with bulkhead stiffness
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Figure 5.5 HIC variations for Part 23 for a Polyester seat belt with seat pitch of 32”  

 

 

Table 5.2 HIC values for Part 23 using Polyester seat belt with seat pitch of 32”  

 Friction 

Stiffness 
(lb/in) 0.3 0.5 

145 562 722 

225 1276 1450 

285 1692 1738 

350 2073 2119 

400 2344 2397 
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Next the seat pitch is increased to 34” and the same sets of observations are taken for the 

various values of the bulkhead stiffness. Following is the graph showing the HIC variation and 

the tabular column on HIC values for both friction coefficients: 
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Figure 5.6 HIC variations for Part 23 using a Nylon seat belt with seat pitch of 34” 

 

 

Table 5.3 HIC values for Part 23 using Nylon seat belt with seat pitch of 34”  

 Friction 

Stiffness 
(lb/in) 0.3 0.5 

145 536 577 

225 1626 1623 

285 1968 1969 

350 2405 2367 

400 2716 2696 
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Variation of HIC with bulkhead stiffness
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Figure 5.7 HIC variations for Part 23 for a Polyester seat belt with seat pitch of 34” 

 

 

Table 5.4 HIC values for Part 23 using a Polyester seat belt with seat pitch of 34”  

 Friction 

Stiffness 
(lb/in) 0.3 0.5 

145 751 812 

225 1121 1170 

285 1352 1969 

350 1651 1676 

400 1862 1892 
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Finally the seat pitch is set at 37” and the variation of HIC is observed and plotted for 

both the values of friction coefficient i.e.0.3 and 0.5. The following are the graphs and tables 

showing the HIC variation for both Nylon and Polyester seatbelt properties: 
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Figure 5.8 HIC variations for Part 23 using a Nylon seat belt with seat pitch of 37” 

 

 

Table 5.5 HIC values for Part 23 using Nylon seat belt with seat pitch of 37”  

 Friction 

Stiffness 
(lb/in) 0.3 0.5 

145 582 707 

225 1308 1316 

285 1612 1577 

350 1944 1886 

400 2203 2024 
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Variation of HIC with bulkhead stiffness
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Figure 5.9 HIC variations for Part 23 for a Polyester seat belt with seat pitch of 37”  

 

 

Table 5.6 HIC values for Part 23 using Polyester seat belt with seat pitch of 37”. 

 Friction 

Stiffness 
(lb/in) 0.3 0.5 

145 405 481 

225 672 681 

285 811 790 

350 956 925 

400 1068 1017 
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5.3 HIC Variation in FAR Part 25 

The next 6 sets of observations are for FAR Part25. The FAR Part 25 is the less 

conservative of the two. The accelerations specified in Part 25 are 20-25% less than those of 

FAR Part 23. The first sets of values are obtained maintaining a seat pitch of 32”.  
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Figure 5.10 HIC variations for Part 25 using a Nylon seat belt with seat pitch of 32”  

 

 

Table 5.7 HIC values for Part 25 using Nylon seat belt with seat pitch of 32”  

 Friction 
Stiffness 

(lb/in) 0.3 0.5 

145 351 363 

225 1170 1326 

285 1661 1612 

350 2047 1973 

400 2212 2232 
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Variation of HIC with bulkhead stiffness
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Figure 5.11 HIC variations Part 25 using a Polyester seat belt with seat pitch of 32” 

 

 

Table 5.8 HIC values for Part 25 using Polyester seat belt with seat pitch of 32”  

 Friction 

Stiffness 
(lb/in) 0.3 0.5 

145 438 501 

225 1049 1062 

285 1282 1273 

350 1598 1537 

400 1775 1730 
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Next the seat pitch is increased to 34” and similar set of observations are taken for the 

various values of the bulkhead stiffness. Following is the graph showing the HIC variation and 

the tabular column on HIC values for both friction coefficients: 
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Figure 5.12 HIC variations for Part 25 using a Nylon seat belt with seat pitch of 34” 

 

 

Table 5.9 HIC values for Part 25 using Nylon seat belt with seat pitch of 34” 

 Friction 

Stiffness 
(lb/in) 0.3 0.5 

145 378 379 

225 1315 1268 

285 1596 1532 

350 1956 1864 

400 2214 2114 
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Variation of HIC with bulkhead stiffness
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Figure 5.13 HIC variations for Part 25 for a Polyester seat belt with seat pitch of 34” 

 

 

Table 5.10 HIC values for Part 25 using Polyester seat belt with seat pitch of 34”. 

 Friction 

Stiffness 
(lb/in) 0.3 0.5 

145 495 595 

225 875 887 

285 1058 1051 

350 1294 1278 

400 1462 1446 
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The final set of values is obtained by setting the seat pitch at 37”. This is the final set of 

observations for the HIC variation with respect to the bulkhead stiffness with different 

coefficients of friction and different seat belt properties. 
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Figure 5.14 HIC variations for Part 25 using a Nylon seat belt with seat pitch of 37” 

 

 

Table 5.11 HIC values for Part 25 using Nylon seat belt with seat pitch of 37” 

 Friction 

Stiffness 
(lb/in) 0.3 0.5 

145 434 433 

225 1146 1109 

285 1387 1333 

350 1699 1607 

400 1925 1811 
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Variation of HIC with bulkhead stiffness
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Figure 5.15 HIC variations for Part 25 for a Polyester seat belt with seat pitch of 37” 

 

 

Table 5.12 HIC values for Part 25 using Polyester seat belt with seat pitch of 37” 

 Friction 

Stiffness 
(lb/in) 0.3 0.5 

145 303 412 

225 541 575 

285 663 679 

350 808 815 

400 907 897 
 

These set of values being the most favorable ones as the aim is to achieve HIC values of 

less than 1000 which can avoid fatalities. This implies that this is the ideal set of parameters 

though these results are discussed in greater detail further in the report. 
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Below are the entire simulation test matrices for the FAR Part 23 and Part 25. The values 

in Blue and Red are the HIC values. Blue color indicates an acceptable value of HIC, while Red 

color indicates that the HIC value has exceeded 1000 and hence the configuration could be fatal. 

Variation in HIC value with parameters FAR Part 23 

 

Friction (nylon belt) Friction (polyester belt) 

Stiffness 

(lb/in) 
0.3 0.5 

Stiffness 

(lb/in) 
0.3 0.5 

Seat Pitch 

= 32” 

145 484 505 145 562 722 

225 1290 1361 225 1276 1450 

285 2064 2048 285 1692 1738 

350 2489 2531 350 2073 2119 

400 2714 2862 400 2344 2397 

Seat Pitch 

= 34” 

145 536 577 145 751 812 

225 1626 1623 225 1121 1170 

285 1968 1969 285 1352 1969 

350 2405 2367 350 1651 1676 

400 2716 2696 400 1862 1892 

Seat Pitch 

= 37” 

145 582 707 145 405 481 

225 1308 1316 225 672 681 

285 1612 1577 285 811 790 

350 1944 1886 350 956 925 

400 2203 2024 400 1068 1017 
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Variation in HIC value with parameters FAR Part 25 

 

Friction (nylon belt) Friction (polyester belt) 

Stiffness 

(lb/in) 
0.3 0.5 

Stiffness 

(lb/in) 
0.3 0.5 

Seat Pitch 

= 32” 

145 351 363 145 438 501 

225 1170 1326 225 1049 1062 

285 1661 1612 285 1282 1273 

350 2047 1973 350 1598 1537 

400 2212 2232 400 1775 1730 

Seat Pitch 

= 34” 

145 378 379 145 495 595 

225 1315 1268 225 875 887 

285 1596 1532 285 1058 1051 

350 1956 1864 350 1294 1278 

400 2214 2114 400 1462 1446 

Seat Pitch 

= 37” 

145 434 433 145 303 412 

225 1146 1109 225 541 575 

285 1387 1333 285 663 679 

350 1699 1607 350 808 815 

400 1925 1811 400 907 897 
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CHAPTER 6 

HEADPATHS IN A CRASH SCENARIO 

6.1 Introduction 

 The human body behaves like a multi-body kinematic system in the seat of an aircraft 

during an air crash with the seat belt on. The various limbs and the head of the human body 

behave like open links of a mechanism and are usually injured in a crash scenario due to the 

violent force which is experienced and is of the order of 16 to 26g’s and even more. Out of all 

the open ended “links” of the human body the most sensitive is the head as it is the head injuries 

that cause more fatalities than injuries caused to other limbs. As the head is an indispensable part 

of the human body, unlike the other limbs which in modern times can be replaced by artificial 

ones which are capable of performing almost all the functions as the natural one, the focus of this 

study has been on the headpaths. More importantly a limb can be lived without unlike the head 

which is the reason why the focus of this study is on the headpaths in a crash scenario so that the 

information obtained can be used as a reference guide for future aircraft cabin and interior 

certification. The standard set up of an aircraft seat, along with the appropriate values of seat 

height, seat pan and back rest angle and the position of the human dummy 50th percentile Hybrid 

II, is obtained from the standard sled tests performed at the National Institute of Aviation 

Research’s Crash Test labs. The headpaths for both the Federal Aviation Regulations Part 23 and 

Part 25 are studied. In these simulations the bulkhead is gotten rid of as the idea is to get a 

complete trace of the headpaths in the event of a crash without any obstructions or hindrances as 

this data will be used as a basis for cabin and interior design. Hence in these simulations only the 

belt properties and friction coefficients are varied leading to a set of just 12 simulations, 4 each 

for FAR Part 23 passenger and pilot, and 4 simulations for FAR Part 25. 
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 A two point seat belt system is used for these simulations and the linear displacement 

function on MADYMO program is used to trace the path of the head so as to obtain a two 

dimensional plot of the headpaths. The analysis, run with this function turned on, gives an output 

file of the linear displacement of the head with x, y and z coordinate values with respect to time. 

This data can be used to plot in MS-EXCEL, the exact path traced in 2 dimensions neglecting the 

third dimension, as the displacement in that dimension is clearly negligible. 

 

6.2 Headpaths of Passenger for FAR Part 23 

As discussed earlier in Chapter 2 of this report, FAR Part 23 has different specifications 

for accelerations experienced by a pilot as compared to the acceleration force experienced by a 

passenger in the aircraft in a crash scenario as a lot of the force of impact is absorbed by the 

aircraft fuselage and the aircraft structure. The design in MADYMO program is as per the 

experimental setup in the crash test lab just that in this case the bulkhead is taken out since a 

complete trace of the headpath is necessary for the study. The aim is to obtain the trace of the 

headpath so as to get a basis for certification of an aircraft cabin and interior. So for FAR Part 23, 

acceleration forces of 21g and 26g are specified for the passenger and the pilot respectively. Now 

the seat pitch and bulkhead stiffness becomes redundant and only the belt properties and the 

coefficient of friction can be varied to get a total of 4 combinations as only Nylon and Polyester 

belt properties are studied with friction coefficients of 0.3 and 0.5. 
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Figure 6.1 Headpath traced using FAR Part 23 for a passenger 

 Shown above is the path traced in gold color by the head of a dummy in the simulation 

using conditions specified by Federal Aviation Regulations Part 23 which specifies an 

acceleration impulse of 21g on the human dummy model. The figure shows the rest of the human 

dummy only in its final orientation since the focus here is on the head rather than any other part. 
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Figure 6.2 Passenger Headpath for Nylon belt and friction coeff. 0.3 

 

Figure 6.3 Passenger Headpath for Nylon belt and friction coeff. 0.5 
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Figure 6.4 Passenger Headpath for Polyester belt and friction coeff. 0.3 

 

Figure 6.5 Passenger Headpath for Polyester belt and friction coeff. 0.5 
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In the four figures above showing the headpaths for Nylon and Polyester seatbelts with 

coefficient of friction 0.3 and 0.5, the curve traced is that of the centre of gravity (C.G.) of the 

head. The seat buckle is at a point 0.6m vertically below the initial position of the head C.G. The 

figure shows the two extreme positions of the head in its displacement in the forward direction. 

One in the initial position and the other in the extreme position achieved by the head of the 

dummy model in the simulation in its forward displacement due to the combined effect of the 

crash impulse and the seat belt restraint. For a better idea of the headpaths traced in the various 

simulations by varying the belt properties between Nylon and Polyester and the coefficient of 

friction between 0.3 and 0.5 the above four traces of the headpaths are overlapped so as to get a 

comparison which can effectively imply which one of the 4 combinations studied is best suited 

for practical applications under Federal Aviation Regulations FAR Part 23. 

Comparative headpaths for FAR Part 23
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Figure 6.6 Comparative headpaths for passenger using FAR Part 23 
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6.3 Headpaths of Pilot for FAR Part 23  

 

Figure 6.7 Headpath traced using FAR Part 23 for a pilot. 

 Shown above is the path traced in gold color by the head of a dummy in the simulation 

using conditions specified by Federal Aviation Regulations Part 23 for a pilot which specifies an 

acceleration impulse of 26g on the human dummy model. The figure shows the rest of the human 

dummy only in its final orientation since the focus here is only on the head rather than any other 

part. 
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Figure 6.8 Pilot Headpath for Nylon belt and friction coefficient 0.3 

 

Figure 6.9 Pilot Headpath for Nylon belt and friction coefficient 0.5 
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Figure 6.10 Pilot Headpath for Polyester belt and friction coefficient 0.3 

 

Figure 6.11 Pilot Headpath for Polyester belt and friction coefficient 0.5 
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Just as the passenger headpaths, the headpaths of the pilot traced by the MADYMO 

program are overlapped so as to get a comparative study of the paths. It is observed that in the 

case of the pilot unlike the passenger even the coefficient of friction has a marked effect on the 

path traced by the head of the pilot. In the four figures above showing the headpaths for Nylon 

and Polyester seatbelts with coefficient of friction 0.3 and 0.5, the curve traced is that of the 

centre of gravity (C.G.) of the head. The seat buckle is at a point 0.6m vertically below the initial 

position of the head C.G. The figure shows the two extreme positions of the head in its 

displacement in the forward direction. One in the initial position and the other in the extreme 

position achieved by the head of the dummy model in the simulation in its forward displacement 

due to the combined effect of the crash impulse and the seat belt restraint. 

 

Comparative headpaths of Pilot for FAR Part 23
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Figure 6.12 Comparative headpaths of Pilot for FAR Part 23 
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6.4 Headpaths for FAR Part 25 

 
Figure 5.13 Headpath traced using FAR Part 25 

 Shown above is the path traced in gold color by the head of a dummy in the simulation 

using conditions specified by Federal Aviation Regulations Part 25 which specifies an 

acceleration impulse of 16g on the human dummy model. The figure shows the rest of the human 

dummy only in its final orientation since the focus here is on the head rather than any other part. 
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Figure 6.14 Part 25 Headpath for Nylon belt and friction coefficient 0.3 

 

Figure 6.15 Part 25 Headpath for Nylon belt and friction coefficient 0.5 
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Figure 6.16 Part 25 Headpath for Polyester belt and friction coefficient 0.3 

 

Figure 6.17 Part 25 Headpath for Polyester belt and friction coefficient 0.5 
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 A comparative study of the headpaths is conducted by overlapping the headpaths traced 

by varying the belt properties between Nylon and Polyester and then again by varying the 

coefficients of friction between 0.3 and 0.5. It is noted to follow a similar pattern as that traced in 

FAR Part 23. The acceleration force in FAR Part 25 being 20% less, the x displacement 

component of the human dummy model is much lesser. In the four figures above showing the 

headpaths for Nylon and Polyester seatbelts with coefficient of friction 0.3 and 0.5, the curve 

traced is that of the centre of gravity (C.G.) of the head. The seat buckle is at a point 0.6m 

vertically below the initial position of the head C.G. The figure shows the two extreme positions 

of the head in its displacement in the forward direction. One in the initial position and the other 

in the extreme position achieved by the head of the dummy model in the simulation in its 

forward displacement due to the combined effect of the crash impulse and the seat belt restraint. 

Comparative headpaths for FAR Part 25
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Figure 6.18 Comparative headpaths for FAR Part 25 
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CHAPTER 7 

CONCLUSIONS AND RECOMMENDATIONS 

7.1 Conclusions 

 Head Injury Criteria (HIC) is found to vary with the four parameters of study in this 

thesis. The headpaths in a crash scenario also form basis for aircraft seat and cabin interior 

certification. A crash test scenario is recreated using the MADYMO simulation program version 

M6.2. A 50thpercentile Hybrid II human dummy is placed in a standard seat for the Federal 

Aviation Regulations Part 23 and Part 25 with a one inch thick layer of seat cushion in between 

the thighs of the dummy and the seat pan. The dummy is placed in an upright seating position 

with hands along with the palms placed on the front end of the thighs replicating a comfortable 

seating position for the dummy just as a human occupant would be in the seat of an aircraft. 

 In the first half of the study which is mainly to correlate the Head Injury Criteria (HIC) 

values to the various parameters opted for the study, namely the “seat pitch” (distance of the seat 

reference point from the bulkhead), the bulkhead stiffness, belt properties and the friction 

coefficient between the dummy and the seat/seat cushion, the bulkhead is placed in front of the 

dummy seated upright so that it crashes into the bulkhead face forward. The FAR Part 23 and 

Part 25 both specify a yaw of 10 degrees, which is neglected in this study so as to obtain the 

maximum possible reading of HIC value in each simulation. 

 The following inferences can be drawn from the first part of the study: 

i) The HIC value is directly proportional to the stiffness of the bulkhead. As the 

bulkhead stiffness increases from 145 lb/in to 400 lb/in with all the other 

parameters remaining constant the HIC value increases drastically between 3 to 6 
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times from the stiffness of 145 lb/in to the stiffness of 400lb/in, mainly depending 

upon the seat pitch and belt properties. 

ii) The nylon belt has a longer extension as compared to the polyester belt. But due 

to the space restrictions, nylon belt does not absorb enough of the force or energy 

to reduce the HIC value when the dummy crashes into the bulkhead. As a result 

the HIC values exceed the permissible value of 1000 in almost all of the 

simulation results obtained, which rules out the use of Nylon belt for practical 

applications. 

iii) From all the simulation results obtained in this section it is concluded that a seat 

pitch of 37” becomes mandatory to satisfy the safety regulations of both FAR Part 

23 and Part 25. In addition, the bulkhead stiffness can be chosen of 400 lb/in in 

case of Part 25 and 350 lb/in in case of Part 23. This is substantial enough to 

enhance structural stability of the aircraft fuselage, which is among the main 

purpose to have the bulkhead in the first place. 

iv) The safe combination of the parameters studied can be summarized as follows: 

Table 7.1 List of values for ideal combination of parameters 

 FAR Part 23 FAR Part 25 

Stiffness lb/in 350 400 

Seat Pitch 37” 37” 

Belt Type Polyester Polyester 

Friction Coeff. 0.3 0.3 

 
 In the second half of the study, the headpaths in a crash scenario for aircraft cabin interior 

were studied. The bulkhead was taken out, so as to obtain a complete trace of the headpath in a 
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free swinging motion so as to better predict the fatalities that may occur in the event of an 

aircrash. The study of the headpaths helps determine the design the cabin and interiors of the 

Aircraft in order to lessen/avoid injuries.  

 From the traces of the headpaths obtained and overlapped, one can conclude that the 

simulation outputs are fairly consistent. The headpaths follow a similar pattern with the head 

lunging out forward first and then downward, when the belt has reached its maximum extension. 

Hence all the headpaths follow a parabolic path. Incase of polyester belts, the headpaths have a 

lesser displacement in the horizontal direction as compared to the headpaths when a nylon belt is 

used. 

 The following conclusions can be drawn from observing the headpaths traced in the 12 

simulations and overlapping them: 

i) Polyester belt does a better job absorbing the force or energy of the impact on the 

body. This prevents the HIC value for exceeding the permissible value of 1000 

especially with the other parameters kept in check.  

ii) The Polyester belt holds back the human dummy about 25 to 40% more in its 

displacement in the forward direction, thereby allowing the bulkhead to be placed 

closer so that there is more room for passengers and improving the economy of 

the flight. 

iii) The coefficient of friction does not have a marked difference in the headpath. 

Increasing the coefficient of friction from 0.3 to 0.5 decreases the displacement of 

the dummy in the forward direction by 1 to 4%, which is not significant. This 

though greatly reduces the comfort level for the passenger seated as the material 

used in the upholstery of the seat and cabin interior will have to be of a coarse 
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material. This is not necessary as it increases the fatigue levels of the passenger 

on a long duration flight. 

 

7.2 Recommendations 

The research area on crashworthiness of Aircraft Seat and Cabin Interior Certification is still 

in its infancy, with new aircraft certification itself being a very lengthy and tedious process. This 

study was conducted with in industry standards taking commonly used values of parameters used 

for the research. There is a vast scope for carrying out further studies in this field so as to 

improvise on the outputs obtained from this research. Some of the recommendations to 

improvise on this study would be: 

i) The test 2 in the FAR dynamic test conditions specifies a 10 degree yaw in the seating of 

the test dummy which has been neglected in this study so as to get a maximum value of 

HIC possible in each set up which makes up for the factor of safety. This 10 degree yaw 

can be used in the various simulations to get results which are even closer to the actual 

full scale sled tests. 

ii) Seat Pitch can be varied between 34” and 37” to obtain the desired distance. The values 

of seat pitch used in this study are restricted to 32”, 34” and 37”. A 34” spacing is found 

not acceptable and 37” is conveniently acceptable. Different values of seat pitch between 

34” and 37” can be studied to look for a lower acceptable value of seat pitch so as to 

increase space in the aircraft. 

iii) This study is restricted to the front row passengers coming into direct contact with the 

bulkhead. Passengers in other rows are also subjected to head injuries in a “row-to-row” 

 64



crash scenario. Simulations can be carried out to obtain a better idea of the HIC values 

attained for these other rows of passengers. 

iv) The seat belts used in the simulations of this research were only nylon and polyester as 

these are the materials used in the industry. There are other synthetic materials which can 

also be studied by using them in the various simulations so as to obtain improved results. 

This will reduce the resulting HIC values, which will eventually reduce fatalities and 

provide more data for aircraft interior design as the ultimate goal. 

v) Various other materials and designs can be used for the bulkheads in the simulations for 

in order to generate more data for use in “certification by analysis” of aircraft seat and 

cabin interior certifications. 
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