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FOREWORD 

This document is one of four manuals that constitute the final 

report of the research project conducted under Contract No. DOT-HS-6-01300 

for the National Highway Traffic Safety Administration. Dr. John T. Fleck 

and Mr. Frank E. Butler of J & J Technologies, Inc. served as Principal 

Investigator and Project Engineer, respectively, during their earlier tenure 

as members of the Calspan Transportation Research Department. Subsequently, 

Mr. Norman J. DeLeys coordinated the efforts of Calspan and J & J Technologies, 

Inc., who was retained as a subcontractor to maintain the continuity neces­

sary to preparation of the report. 

The Contract Technical Monitor for this project was Dr. Lee 

Ovenshire of the National Highway Traffic Safety Administration. 

This report has been reviewed and approved by: 

~ra~ ... 
AnthOil}TL.So, Head 

Transportation Research Department 

iii 

------------------------------'-----------------·-·-·------··-



Section 
.. 

1.0 

2.0 

3.0 

4.0 

·" 
5·.0 

TABLE OF CONTENTS 

INTRODUCTION 

DUMMY COMPONENT MEASUREMENTS 
2.1 Segment Weights 
2.2 Segment Moments of Inertia 
2.3 Joint Characteristics 

2.3.1 Shoulder Assembly 
2.3.2 Elbow 
2.3.3 Hip 
2.3.4 Thigh Joint 
2.3.5 Knee 
2.3.6 Ankle 
2.3.7 Neck 
2.3.8 Lumbar Spine 

2.4 Upper Torso Compliance 

CVS MODEL OF DUMMY 
3.1 Segments 

3.1.1 .Segment Weights, Inertias, and Orientation of 
Principal Axes 

3.1.2 Contact Ellipsoids 
3.1.3 Joint Locations 
3.1.4 Details of Segment Data 

3.2 Joint Coordinate Systems and Joint Parameters 
3.3 Analytical Model of Neck Using Two Joints 
3.4 Estimate of the Flexure Spring Function for the 

Lumbar Spine 
3.5 Dynamic Torsion Model of the Neck or Spine 

SUBSYSTEMS TESTS AND SIMULATIONS 
4.1 Head/Neck Pendulum Impact 

4.1.1 Description of Tests 
4.1.2 Simulation of Tests 

4.2 Torso Pendulum Impact 
4.2.1 Description of Tests 
4.2.2 Simulations of Tests with Rubber Spine 
4.2.3 Simulation of Tests with Single Pin Spine 

4.3 Simulation of Air Bag Static Tests 

SIMULATIONS OF WHOLE DUMMY·SLED TESTS 
5.1 Simulation of Belt Restrain4 Tests 
5.2 Simulation of Air Bag Restraint Tests 

v 

Page :--lo. 

1 

4 
4 

12 
16 
16 
23 
28 
32 
32 
37 
37 
45 
51 

55 
56 
56 

57 
58 
58 
67 
81 
84 

85 

88 
88 
88 
90 

100 
100 
103 
115 
127 

133 
133 
144 

·} 

--------~----------------------------------------------------------------------



·) 

--·-----~------~-- ------~--·~----- ------~-~ ~----

Table of Contents (Cont'd) 

Section Page·No. 

6.0 CONCLUDING REMARKS 178 

7.0 REFERENCES 182 

APPENDIX A HEAD/NECK PENDULUM IMPACT DATA PLOTS A-1 

APPENDIX B EXAMPLE INPUTS FOR SIMULATION OF PENDULUM TEST OF 
TORSO WITH RUBBER SPINE B-1 

APPENDIX C EXAMPLE INPUTS FOR SI~illLATION OF PENDULUM IMPACT 
TEST OF TORSO WITH SINGLE PIN SPINE JOINT C-1 

. 1' 

.. 

vi 



Figure No. 

2-1 

2-2 

2-3 

2-4 

2-5 

2-6 

2-7 

2-8 

2-9 

2-10 

2-11 

2-12 

2-13 

• 2-14 

. 2-15 

2-16 

LIST OF FIGURES 

Setup for Measurement of Weight and C.G. Location of 
Lower Arm and Hand Segment 

Reference Axes for Segment Measurements 

Segment Moment of Inertia Measurement Apparatus 

Upper Arm Reference Orientation for Measurement of 
Flexion-Extension Torques 

Shoulder Joint Torque for Flexion-Extension of the 
Upper Arm Abducted 15 Degrees 

Shoulder Joint To~que for Flexion-Extension of the 
Upper Arm Abducted 60 Degrees 

Upper Arm Reference Orientation for Measurement of 
Abduction-Adduction Torques 

Shoulder Joint Characteristics for Abduction-Adduction 
Motion of the Upper Arms 

Definition of Shoulder Girdle Angular Motions 

Joint Torque Characteristics for Elevation/Depression 
Motion of the Shoulder 

Joint Torque Characteristics for Anterior/Posterior 
Motion of the Shoulder 

Elbow Joint Flexion-Extension Torque 

Elbow Joint Lateral-Medial Rotation Torque 

Apparatus for Measurement of Hip Joint Torque 
Characteristics 

Hip Joint Torque for· Upper Leg Abduction/Adduction 
Motion 

Hip Joint Torque for Upper Leg Flexion/Extension 
Motion 

vii 

Page No. 

5 

7 

13 

17 

18 

19 

21 

22 

24 

25 

26 

27 

28 

30 

31 

33 



!. 

-~--· ------·--- ----·· 
----- ---List of Figures-- (Cont' d)---------------~-~--

Figure No. 

2-17 

2-18 

2-19 

2-20 

2-21 

2-22 

2-23 

2-24 

2-25 

2-26 

2-27 

2-28 

2-29 

2-30 

2-31 

3-2 

3-3 

Lower Leg Reference Orientation for Medial and 
Lateral Rotation of the Thigh Joint 

Thigh Joint Torque Characteristics for Lateral-Medial 
Rotation of the Lower Leg 

Knee Joint Resistive Torque 

Foot Reference Orientation and Motions 

Ankle Joint Torque Characteristics for Eversion-Inversion 
Motion of the Foot 

Ankle Joint Torque_ .Characteristics for Dorsiflexion­
Plantar Flexion Motion of the Foot 

Neck Static Bending Test Apparatus 

Neck Static Bending Resistance 

Neck Torsional Resistance 

Lumbar Spine Static Flexion Test Configuration 

Lumbar Spine Bending Resistance 

Upper Torso Flexural Resistance with Single Pin Lumbar 
Spine Joint 

Torque Characteristics of Torso for Twist About Lumbar 
Spine Axis 

Test Set-Up for Measurement of Dummy Chest Compliance 

Effective Torso Belt Stretch Due to_Chest Compliance 
of 50th Percentile Male Dummy 

Two-Joint Model of the Neck 

Two-Joint Model of the Spine 

Model of Dynamic Neck Torsion Test 

viii 

Page No. 

34 

35 

36 

38 

39 

40 

42 

43 

44 

47 

48 

so 

52 

53 

54 

81 

84 

86 

• 

•• 



• 

... 

, ... 

• 

·) 

List of Figures (Cont'd) 

Fi~ure No. 

4-1 

4-2 

4-3 

4-4 

4-5 

4-6 

4·-7 

4-8 

4-9 

4-10 

4-11 

4-12 

4-13 

4-14 

4-15 

4-16 

4-17 

4-18 

Page No. 

Head-Neck Dynamic Test Configuration 89 

Head Motion in Pendulum Impact Tests 91 

Comparison of Measured and Simulated Responses - 95 
Head/Neck Pendulum Impact Test 

Torso Pendulum Impact Test Apparatus 100 

Geometry of Torso Dynamic Flexion Test Configuration 101 

Upper Torso Flexion During Pendulum Impact at 102 
13.6 ft./sec. 

Model of Torso-Pendulum Test 103 

Force Deflection Characteristic of Aluminum Honeycomb 105 

Load Cell Force Comparison for Simulation Runs 16 and 17 109 

Load Cell Force Comparison for Simulation Runs 24 and 25 110 

Pendulum X Acceleration 111 

Chest X Acceleration 113 

Chest Z Acceleration 114 

Total Chest Angle Re.lative to Pendulum 116 

Comparison of Simulated and Measured Responses for 118 
Pendulum Test of Dummy Torso with Pin Joint Spine 

Static Test of Air Bag Contacted by Two Identical 
Hemispheres 

Comparison of Measur.ed and Simulated. Results -
Air Bag Static Test Configuration No. 1 

Comparison of Measured and Simulated Results -
Air Bag Static Test Configuration No. 2 

ix 

128 

129 

130 



---------------- ------------------ -----------· --·-------

List of Figures (Cont'd) 

Figure No. 

5-l 

5-2 

5-3 

5-4 

Comparison of Calspan Sled Run 2049 and CVS Run 
R2049K 

Comparison of CVS Model and Measured Responses for 
Belt Restraint Configuration 

Comparison of Calspan Sled Run 2049 and CVS Run 
R2050G 

Comparison of CVS Model and Measured Responses for 
Air Bag Restraint Configuration 

X 

•• 

Page No. 

137 

145 

155 

164 

.. 
~-·. 

.. 



Table No. 

2-1 

2-2 

2-3 

3-1 

3-2 

3-3 

3-4 

3-5 

3-6 

3-7 

4-1 

..... 

. ~· 

LIST OF TABLES 

Segment Weight and Center of Gravity Location 

Segment Principal Moments of Inertia 

Results of Neck Flexion and Torsion Free-Oscillation 
Tests 

Segments and Joints of Dummy Model 

Segment Weights and Inertias 

Segment Contact Eliipsoids 

Joint Locations in Adjoining Segments 

Joint Orientations for the Part 572 Dummy Model 

Joint Spring Parameters 

· Joint Viscous and Friction Parameters 

Summary of Measured and Simulated Responses Prior 
to Impact of Torso Pendulum System 

xi 

Page No. 

15 

46 

55 

57 

58 

59 

69 

70 

71 

117 



.,. 

•} 

1.0 INTRODUCTION 

In 1970 Calspan Corporation (formerly Cornell Aeronautical Laboratory, 

Inc . .) began development of a mathematical model for simulating the three­

dimensional dynamic responses of a motor vehicle crash victim. Under the 

joint sponsorship of the Motor Vehicle Manufacturer? Association (MVMA) and 

the National.Highway Traffic Safety Administration (NHTSA), the original 

development and validation of the program was accomplished in two phases (Ref. 

1 and 2). Except for a special version of the Phase II crash victim simulat­

ion (CVS) program created for the MVMA (Ref. 3), the next major developmental 

effort was accomplished for the NHTSA and resulted in what was designated as 

the CVS-III computer program (Ref. 4). 

Recognizing the CVS-:IH as a potentially valuable tool for aiding 

studies of crew member dyanmics during ejection from high-speed aircraft, the 

Air Force Aerospace Medical Research Laboratory (AFAMRL) sponsored.the develop­

ment of a special version of the program that formed the basis of the AFAMRL 

"Articulated Total Body" model or ATB (Ref. 5). Later, the ATB model was up­

dated and some new features were added under another contract with the AFAMRL 

(Ref. 6). 

This report documents work performed in the research project entitled 

"Validation of the Crash Victim Simulator" under Contract No. DOT-HS-6-01300 

with the NHTSA which states the general objective as "the development of the 

CVS to a level that it can be used for a variety of rulemaking activities". 

A significant goal was "to conduct studies that specifically, quantitatively 

and validly pertain to the Part 572 dummy in several realistic crash safety 

compliance test situations". The project consisted of two principal areas of 

effort: (1) further development, improvement and refinement of the computer 

program, culminating in a version designated as the CVS-IV, and (2) the per­

formance of detailed measurements and tests to define inputs for modeling the 

50th percentile male dummy conforming to government specifications (Ref. 7) 

and executing computer simulations of experiments'performed with the dummy to 

examine the validity of the model results. 

1 
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The CVS-IV version of the computer program incorporates many 

modifications and features developed in this project as well as in conjunction 

with other closely related research studies (e.g., Ref. 5, 6 and 8). Among 

the improvements implemented in the CVS-IV are the following: 

• a new, more efficient integration technique. 

• a routine to automatically position a seated occupant in 

equilibrium. 

• an advanced harness belt formulation that treats interaction of 

belts connected at a c9mmqn junction point, belt slippage on 

deformable segments, and .allows use of rate-dependent functions 

for calculation of belt forces. 

• simulation of aerodynamic forces acting on body segments that 

may be partially shielded. 

• improved routines for calculating joint _torques. 

• use of.the main program integrator for computing vehicle and 

air bag motions. 

• the ability to specify the motion of as many as six segments. 

• a provision to account for segment principal axes that are 

not coincident wit~ geometric axes, thereby allowing use of 

any convenient geometric axis system as the reference for 

segment input data. 

·• generality in specifying axes about which segments are rotated, 

and the sequence of rotations, to achieve a desired initial 

orientation. 

• elimination of the need for multiple output units. 

• routines for computing injury criteria values (HIC, HSI, and CSI) 

and for plotting any output variable(s) against any other vari­

able or time. 

During the course of the present study, several interim versions of 

the computer program were distributed to numerous users throughout the world. 

However, it should be noted that·the modifications of each version were incor­

porated in such a way that, "in most instances,. input data decks remained upward 

compatible and useable with successive versions of the program. 
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"The final report of this project is composed of four volumes: 

Volume 1 - Engineering Manual - Part I: Analytical Formulation 

Volume 2 - Engineering Manu~l - Part II: Validation Effort 

Volume 3 - User's Manual 

Volume 4 - Programmer's Manual 

Volume 1 describes the analytical formulations, assumptions and the 

detailed development of the mathematical equations and relations used in the 

program.* Volume 2 documents the measurement of the dummy geometric, inertial 

and joint characteristics and experiments performed to validate computer 

models of the physical systems tested. The experiments simulated include static . 
tests of an ellipsoidal air bag to check the validity of the idealized bag 

shape and force algorithms, dynamic pendulum impact tests of d~y component 

sub-assemblies, and impact sled tests in which the dummy was restrained by an 

air bag and a three-point belt restraint system (Ref. 9). The third volume 

provides instruction on how to use the program. Besides giving a detailed 

description of all data furnished on each input card, it explains the special 

input and output features and provides examples of program applications along 

with the Job Control Language needed to execute a simulation run. Volume 4 is 

intended primarily for use by programmers interested in the detailed structure 

of the program. Included in Volume 4 are descriptions of each subroutine, 

cross reference charts showing the subroutines called by other subroutines, 

labeled common blocks used by each subroutine and usage of each variable in 

the labeled common blocks in every subprogram,. and a complete listing of the 

computer Fortran source deck. 

* . See also References 5 and 6 which document the analytical formulation of 
some algorithms ~nd features not described in detail herein. 
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2.0 DUMMY COMPONENT MEASUREMENTS 

Extensive measurements were made on a new Part 572 50th percentile 

male crash test dummy manufactured by Alderson Research Laboratories. The dummy 

(Serial No. 749) was disassembled into discrete elements which represent the 

major articulated segments for measurement of the segment inertial properties 

and joint characteristics. These data together with dimensional information 

provided by the official NHTSA dummy design drawings, were used to develop inputs 

for the CVS model of the dummy. The following sections describe in detail the 

measurements performed on the dummy . 

• 
2.1 Segment Weights and Center of Gravity Locations 

The dummy segments for which the weight and C.G. position were measured 

are as follows: head, neck, upper torso (including the neck bracket assembly, 

B/04,* and the lumbar adapter, D/03), lower torso (including the lumbar spine, 

D/01, abdominal insert, E/04, and left and right femur assemblies, E/05 and 

E/06), right upper leg, right lower leg, right foot, right upper arm and the 

right lower arm (including the hand assembly, H/07). The dummy left limb segments 

were not measured since, being designed as mirror images of right limbs, 

any differences of inertial properties were deemed likely to be small and within 

the error of measurements. 

A coordinate axis system was defined in each segment so the C.G. could 

be conveniently measured and related to geometric features of the component 

hardware such as, for example, a line connecting joint pivot centers. The weight 

and C.G. location were determined by supporting the segment on three load cells 

and with one of the three orthogonal reference planes horizontal. With the 

locations and reactions of the load cells known, the weight of the segment and 

* Refer to NHTSA Drawing No. SA 1SOM002 and dummy parts list for components 
identified by symbols B/04, D/03, etc. 
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the ,position of the C.G. (after m·easuring and correcting for the tare weip:ht 

of support fixtures) in the horizontal plane was calculated from application of 

force and moment equilibrium equations. The third coordinate of the C.G. was 

determined by repeating this procedure with the segment rotated 90° about one 

of the horizontal axes. The photographs of Figure 2-1 show typical set-ups of ' 

the apparatus as used to measure the weight and C.G. location of the lower arm 

and hand segment. 

The measured segment weight and C.G. position data are summarized 

in Table 2-1. The geometric coordinate axis reference system defined for each 

segment is illustrated and described in Figure 2-2. 

~ .:~ 
· .. "':~ 

.. -.... ~ '': 

~- · .. , 
:~, -. ' ·~ .. :""": 

(a) Measurement of C.G. Location in XZ Plane (b) Measurement of C.G. Location in yz Plane 

Figure 2-1 SETUP FOR MEASUREMENT OF WEIGHT AND C.G. LOCATION 
·OF LOWER ARM AND HAND SEGMENT 
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TABLE 2-1 

SEGMENT WEIGHT AND CENTER OF GRAVITY LOCATION 

Segment Weight~lb Center of Gravitr_Coordinates(l)~in. 

X y z· 
- - -

Head 9.67 0.37 -0.043 -1.14 

Neck 1.82 0.0 0.0 -2.43 

Upper Torso(2) 37.87 1.131 N.M. -6.309 

Lower To~so(3 ) . 38.04 1.794 0.061 -2.268 

Right Upper Leg 18.00 0.043 0.10 -6.74 

Right Lower Leg 7.00 0.097 . N.M. 7.365 

Right Foot 2.76 2.03 -0.13 N.M. 

Right Upper Arm 4.76 -0.047 0.03 4.69 

Right Lower Arm & Hand 4.61 -0.11 0.25 6.34 

Notes: (1) Local geometric reference system - see Figure 2-2. 

(2) Includes neck bracket assembly B/04 and lumbar adaptor bracket D/03. 

(3) Includes lumbar spine D/01 (3.01 lb.), abdominal insert E/04 (3.17 lb.), 

and femur and retainer assembly E/06 (3.1 lb.). 

• 

~ 

/ 

/ 
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Origin: 

+X 

Intersection of Neck Centerline 
with head/neck attachment surface 

Axis is forward, perpendicular to· 
neck centerline in mid sagittal 
plane 

+Y Axis is toward right 

,.--------x-.--Ji--.i.----.-.-,..,____, +Z Axis is downward along neck center­
line 

z 

1. 

y 

X 

z 

I 

J-/E/1-ZJ I /VECK f1TTI9CJI. 
SURF/lC£ 

Origin: Intersection of Neck Centerline 
with upper torso/neck attachment 
surface 

+X Axis is forward, perpendicular to 
neck centerline in mid sagittal 
plane 

+Y Axis is toward right 

+Z Axis is downward along neck center­
line 

'----UPPER 78Rso//VECK 
/lrr/lcH. ...51.1-e'..t:/lc E 

(.6) NEcK 

Figure 2-2 REFERENCE AXES FO~ SEGMENT MEASUREMENTS 
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II 
II 
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z 
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Origin: Intersection of spine center­
line with attachment surface 
of lumbar adaptor 

+X Axis is forward, perpendicular 
to lumbar spine centerline in 
mid-sagittal plane 

+Y Axis is toward the right 

+Z Axis is downward along lumbar 
spine centerline 

(c) UPPER ToRSO 

Origin: Intersection of extension of 
lumbar spine centerline with 
perpendicular plane through 
centerline of femur shafts 

+X Is forward, perpendicular to 
lumbar spine centerline in 
mid-sagittal plane 

+Y 

+Z 

Is toward the right 

Is downward along lumbar spine 
centerline 

(d) LowER ToRso. 

Figure 2-2 REFERENCE AXES FOR SEGMENT MEASUREMENTS (Cont'd.) 
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II a .. ,, 
rro~Ar /1 

Origin: Center of knee joint 

I I I' I 
I I I I 

I I ll I L..,_J- ..lr...J 
I I 
I I 
I I 
I I 

z 

I 

I 
I 

+X 

+Y 

+Z 

KIYE€ P!Vor 

(e) ·UPPER LEG 

Axis is toward the top of the 
leg, perpendicular to Y and Z 
axes 

Axis is toward the right along 
centerline of knee pivot bolt 

Axis is along a line from Point 
"A" on the centerline of the 
upper leg bone (at the station 
of the femur attachment bolt) 
to the center of the knee pivot 

_,..-or-- kNI!E Pt vo r 
Origin: Center of the knee pivot 

~-+--/fiiKLc PNo/ 
(rLEX/OAI) 

+X Axis is toward the front of the 
leg, perpendicular to Y and Z 
axes 

+Y Axis is toward the right along 
centerline of knee pivot bolt 

+Z Axis is along a line from the 
center of the knee pivot to the 
center of the ankle pivot for 
flexion motion of the foot. 
Knee and ankle pivot axes are 
parallel 

~ (f) LowER LEG 

Figure 2-2 .REFERENCE AXES FOR SEGMENT MEASUREMENTS (Cont' d.) 
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X 

.... ,., 

. Origin: Center of shoul"der pivot 

+X Axis is forward along centerline 
of shoulder pivot for abduction/ 
adduction motion 

+Y Axis is toward the right 

+Z Axis is along the line between 
shoulder and elbow pivot centers 

"FLf,_~"?~--.J -t-EL BOW PIVOT 
( ?c;cp,ENZJICULRR 7b 
.481)t.JcT/tJN' I ,-9ZJOUC770N AXIS) 

z 

r- , 
I I 

('j) UPPER ARM 

~--ELBow PIVOT 

Origin: Center of elbow pivot 

+X Axis is forward, parallel to 
wrist pivot axis 

+Y Axis is toward the right 

+Z Axis is along the line between 
elbow and wrist pivot centers 

(h) LoWER ARM f/1/lND 

Figure 2-2 REFERENCE AXES FOR SEGMENT MEASUREMENTS (Cant' d.) 
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z 

/li'IKLE .P/Vor 
( ?19A'RLLcL ro 

/.191'/Gc#T PL19Ne) 

Origin: Center of ankle pivot 

(&)FooT 

+X Axis is forward from heel to 
toe 

+Y Axis is toward the right along 
ankle pivot centerline 

+Z Axis is toward the sole of the 
foot, perpendicular to tangent 
plane 

Figure 2-2 REFERENCE AXES FOR SEGMENT MEASUREMENTS (Cont'd.) 
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2.2 Segment Moments'of Inertia 

Segment principal moments of inertia and the directions of the principal 

axes were determined from measurements using a torsional pendulum. The pendulum 

consisted of a long slender steel rod to which a fixture for holding the segment 

in place was attached. The fixture was adjustable which allowed the segment 

orient~tion to be readily changed while maintaining the center of gravity on 

the pendulum torsional axis. From measurements of the periods of oscillation 

of the pendulum both with and without the segment mounted in the fixture, the 

moment of inertia of the segment about a given axis was computed from the 

following expression: 

where: K = pendulum rod torsional spring rate, in. -lb./rad. 

.
T_C = oscillation period of the pendulum for the segment 

apd fixture combined; sec. · 

TF = oscillation period of the pendulum with the fixture 
alone. 

Repeated measurements of the moment of inertia about six axes of each 

segment were made to define the inertia tensor components of each segment. 

The first three moment measurements were made by sequentially orienting each 

of the three orthogonal geometric reference axes of the segment coincident 

with the pendulum twist axis to obtain I , I and I . Three additional similar 
X y Z 

measurements with the segment rotated 45 degrees in the respective planes 

formed by these axes allowed the products of inertia I , I and I to be xy xz yz 
calculated using the direction cosine parameters for t?e appropriate test 

configurations. The photographs of Figure 2-3 show typical test set-ups for 

measurement of the moment of inertia of the head about the geometric Y axis 

and also with the head rotated 45 degrees in the YZ plane. 

The relationship between the measured and principal moments of 

inertia can be expressed as: 

12 
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Figure 2-3 SEGtviENT MOMENT OF INERTIA MEASURE~IENT APPARATUS 

I - I I I p X xy xz 

I I - I I = 0 xy p y yz 

I I I - I xz yz p z 

An expansion of this determinant yields a cubic equation in I having three 
p 

real roots corresponding to principal moments of inertia I , I 
pl p2 

I 3 + 
p 

AI 2 
+ BI 

p p 
+ c = 0 

The coefficients A, B, and C are combinations of the moments I , 
X 

Iy, Iz and products Ix;' Ixz' Iyz all of which are known from measured data. 

Once having determined the roots I , I , and I ., the results can 
pl p2 p3 

be substituted in the following equations to obtain the angles between the 

principal axes and the selected body axes of the segment. 

13 



(I - I ) .2.1 - I m - I nl =.0 
X pl xy 1 xz 

-I .2.2 + (I - I )m2 .- I n - o xy y p2 yz 2 -

-I .2. - I m3 + (I - I )n3 = 0 xz· 3 zy z p3 

It should be noted that .2.1 , m1, and n1 are the relative direction 

cosines indicating the angular offset between the principal axis of I and 

the axis to which measured moments and products of inertia are refere~!ed. 
The same restriction holds for .2.2, m2, and n2 and 23, m3, and ~ 3 
the direction cosines corresponding to prinicpal moments I and 

p2 

which are 

I , respectively. 
p3 . 

Since the above equations in determinant form yield a matrix equal 

to zero, no unique solution exists for .2., m, and n variables. Through a 

manipulation of these equations it is possible to determine the direction 
.. 

ratio of the axis of the principal moment of inertia. These equations for 

.2., m, and n in general are: 

I I + (I - Ip)Ixz 
cl 

2 xy yz y = = m (I - I ) I + I I 
X p yz xz xy 

I I + (I - Ip)Ixz 
c2 

.2. xy yz y = = n (I - Ip) (I - I ) - I 2 
X y p zy 

c3 
m c2 

= - = n cl 

Using the identity 

2 2 2 
.2. + m + n = 1 

it is possible to solve the ratio equations above for specific direction cosines. 

The following equations are.applicable for determining .2., m and n in general. 

.2. = 
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The segment principal moments of inertia calculated from the measured 

periods of the torsiona_l pendulum are listed in Table 2-2. Note that the values 

for the left side segments have been assumed to be the same as the counterparts 

on the right side which were measured. It may also be.noted that a negative 

principal moment of inertia was computed for the foot. Since a negative moment 
' 

of inertia is physically impossible, this result must be due to erroneous 

experimental data. Also shown in the table are the rotation angles (yaw, pitch, 

and roll) of the principal axes with respect to the geometric reference axes. 

TABLE 2-2 

SEGMENT PRINCIPAL MOMENTS OF INERTIA 

S ~:;~·1EI\I T I{X) ICY> I< ::...1 

LOWER TOR. SO 1.98735737 1.38368323 1.4SP2149c 
UPPER TORSO· 2.0814 797 0 1.59185841 1.3342.:.484 

HC:iiO .21937682 .25 73 9C 99 .162'.11 044 
RI:Ji-!T UPPER LEG .77407808 .77146310 .11~2.<:577 
~ r:.;HT L r:1 ~4::: R. L r.r .:S95C3229 .59081682 .03l~.!SC7 

RIGHT FOOT -.:10523000 .J6878330 .!J461-:>~'?G 
LEt:"T U0 P'==R LEG .77407808 .7714.;310 .1152r77 
L~FT Lu'o~EK. L-,... 

L...'- .595 0 322 9 .59081682 .03183907 
LEFT FOOT -.00523000 .J6878830 .C4613t;90 

RIGHT· UPPER ARM .13774171 .14268908 .Q124S41B 
RISHT LOYt:R. .A R :4 .27270385 .25851130 .Gl237108 

LEFT U?PE:R ARM .13774171 .14268908 .!}1247418 
LEFT UH4~P. t. R ~1 .27270385 .25851130 .~1237108 

ROTATI3N ANGLES - INERTIA ~ITH RE~PECT TO ~EOMETRIC 

SEG:~ENT YA t.l PITCH ROLL 

LOWER. TOP. SO -3.11130&45 23 .32151•) 95 -1.CS4Lt9c13 
UPPCR TORSO -2.99566172 -.83587151 4.74471064 

HEAD 7.22443852 42.33767798 -.50777848 
RIGHT UPPER LEG -42.18F!54999 -.16057733 2. 3.28 6 t:, E.5 3 
RISHT LOWER LEG· 11.88017565 -3.94095220 .57696403 

RIGHT FOOT -29.021)30477 24.84928585 21.66f9S254 
LEr=T UP 0 ER LE:G 42.18654999 -.16057733 -2.32866653 
LE:=T LOwER LEG -11.88017565 -3.94095220 -.5769640~ 

LEFT FC:iT . 2 9. 0 2.0 3 0 4 7 7 24.84928.585 -21.C.66S6~54 
RI·::tHT UP'?E?. AR~i 5.45524163 1.27289002 -11 • 4 4 9 5 6 28 7 
RIGHT L~':JEP. ARt·: 27.09974937 .&9678174 1.25£-44211 

LEFT U?P~~ A Rr-1 -5.45524163 1.27289002 11.44956287 
LEFT LOwER ARt'\ -27.09974937 .89678174 --1.258l!;4211 

. - . .... ·-----
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2.3 Joint Character~stics 

Except for the flexible rubber neck and lumbar spine of the Part 572 

dummy, adjoining segments are all connected by one or more pin type joints. 

The quasi-static resistance to rotation about the pin joint axis was measured 

by securing one segment of a connected pair in a suitable fixture and recording 

the angular orientation and the applied torque as the other segment was moved 

manually throughout the joint range of motion. A load cell was used to measure 

the force applied at a known distance from the joint axis and the rotation was 

measured with a rotary potentiometer mounted coaxially with the axis. For most 

of the tests, the joint rotational axis was oriented vertically to avoid 

gravitational effects on the torque measurements. 

2.3.1 Shoulder Assembly 

Each shoulder assem~ly~ncludes four pin joints that provide for 

flexion-extension anCi abduction-adduction motions of the upper arm and elevation­

depression and anterior-posterior motions of the shoulder girdle relative to 

the upper torso. 

(a) Upper Arm Flexion-Extension 

The static torque characteristics of the joint permitting flexion­

extension motion of the upper and arm were measured with the arm positioned at 

constant abduction angles of 1.7, 15, 30, 45 and 60 degrees. The reference 

orientation of the arm for these tests is depicted in Figure 2-4. 

Oata records obtained in the tests with the upper arm abducted 15 

degrees and at 60 degrees are given in Figures 2-5 and 2-6, respectively. 

This joint has hard (metal to metal) stops at 178 degrees of flexion and 72 

degrees of extension. The increase of torque evident in the plot for 15 degrees 

abduction at flexion angles greater than about 60 degrees resulted from inter­

ference of the upper arm flesh with the acromion process of the scapula. The 

16 



... 

I 

m 

Figure 2-4 UPPER ARM REFERENCE ORIENTATION FOR 
MEASUREMENT OF FLEXION-EXTENSION TORQUES 
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Figure 2-5 SHOULDER JOiNT TORQUE FOR FLEXION-EXTENSION OF THE UPPER 
ARM WITH ARM ABDUCTED 15 DEGREES 
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Figure 2-6 SHOULDER JOINT TORQUE FOR FLEXION-EXTENION OF 
THE UPPER ARM WITH ARM ABDUCTED 60 DEGREES 

19 



interference varies with the arm abduction angle and, as may be seen in Figure 

2-6, did not have a large effect on the torque in the test with the arm abducted 

60 degrees. Interference of the arm with the side of the upper torso occurs for 

abduction angles less than about 7 degrees, and thus increases the torque 

requirements for arm positions between 40 degrees of flexion or extension from 

the reference position. 

Several additional similar tests were made with the joint tightened 

to support the weight of the extended arm (including the lower arm and hand 

segment). The indicated coulumb friction torque was increased from the less 

than 10 in.-lb. value measured with the loose joint setting to about 110 in.-lb. 

but torques of more than twice that amount were required to effect "breakaway" 

of the joint. 

(b) Upper Arm Abduction-Adduction 

Torques required to rotate the upper arm throughout the range of 

abduction-adduction motion for various constant flexion or extension angles 

were measured in a second series of tests. The reference orientation and 

definition of angular motion is shown in Figure 2-7 where it may be seen that 

the zero angle position is with the arm raised laterally so the long bone (Z) 

axis is perpendicular to the sagittal plane. With the arm in the position shown, 

bringing the arm downward toward the body is defined as positive angular motion 

(in the zero flexion plane). Similarly, with the arm flexed 90 degrees (i.e., 

90° flexion plane), a positive rotation about the abduction-adduction joint 

axis results when the arm is rotated forward. 

Measurements of the joint torque were obtained at 30 degree increments 

of the complete. range of flexion-extension angles. An example record of the 

joint torque during abduction-adduction motion for the case of 60 degree flexion 

angle is presented in Figure 2-8. The coulomb friction of the loose joint 

·indicated in this test is about 20 in. -lb .. The increase ofjoint resistance at . 

about +90 degrees results from contact of the arm with the torso whereas a har~ 

20 
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Figure 2-7 UPPER ARM REFERENCE ORIENTATION FOR MEASUREMENT 
OF ABDUCTION-ADDUCTION TORQUES 
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Figure 2-8 SHOULDER JOINT CHARACTERISTICS FOR 
ABDUCTION-ADDUCTION MOTION OF UPPER ARMS 
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metal-to-metal stop is engaged at an angle of approximately -53 degrees for 

motion in the opposite direction. Increased resistive torque due to interference 

of the flesh of the upper arm either with the skin of the upper torso or with 

the acromion process of the scapula is evidenced by the results of tests performed 

with the arm positioned at larger flexion angles. 

(c) Shoulder Girdle 

Angular motions of the shoulder girdle are depicted in Figure 2-9. 

Rotation about the pin_joint for elevation-depression motion of the shoulder is 

resisted by.forces dev~loped in compressing rubber discs in the shoulder 

cylinder assembly. Anterior-posterior rotation of the shoulder girdle is 

resisted by a cap screw in contact with hard rubber stops. 

Measured torque characteristics for the elvation-depression and 

anterior-posterior rotations of the shoulder girdle are presented in Figures 

2-10 and 2-11, respectively. In each case, the coulomb friction adjustment 

of the joint was loose. 

2.3.2 Elbow 

Motion of the·lower arm with respect to the upper arm is provided by 

two pin joints at the elbow. One of these joints allows flexion-extension 

motion and the other permits lateral-medial rotation about the long bone axis 

of the upper arm. Flexion-extension torques were measured for the zero medial 

angle position (i.e., x-z planes of upper.and lower arms parallel) and are 

shown in Figure 2-12. The torque versus angle characteristic is highly assymetric 

due to interference of the upper and lower arm flesh that occurs for part of the 

motion range. 

Joint torques for lateral-medial rotations of the arm were measured 

for several fixed flexion angles since the torque is affected by the aforementioned 

interference of the arm flesh. Lateral-media~ rotation data were obtained for 
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Figure 2-13 ELBOW JOINT LATERAL-MEDIAL ROTATION TORQUE 

included angles of 56, 90, 110, 135 and 180 (full extension) degrees between 

the upper and lower arms. The torque measured for the case of 110 degree 

included angle is given in Figure 2-13. For this test, the lower arm was also 

initially positioned near the center of the motion range at a medial angle of 

42.5 degrees. 

2.3.3 Hip 

Motions of the upper leg permitted by the hip joint were first 

investigated using only the skeletal structure (pelvic and femur and retainer 

assembly) without the .flesh surrounding the lower torso to aid in deciding how 

the joint torques would be· measured. The hip joint is a ball and socket, but 

motion is partly constrained by a pin which protrudes from the pelvis socket 

and rides in ·a circumferential slot ·machined in the ball of the femur. The 
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construction and geometry· of the joint is such that, except when the upper leg 

is at zero abduction/adduction angle, the leg cannot move in flexion/extension 

wihout simultaneous twist. Throughout most of the abduction motion ranpe 

(approximately 65 degrees) the flexion and extension motion limits are about 

50 degrees and 100 degrees, respectively, and requires the leg to twist over 

60 degrees at maximum abduction. At the limit of adduction (approximately 18 

degrees), the flexion limit is only about 30 degrees while twisting 8 degrees, 

·and the maximum extension angle is approximately 75 degrees accompanied by 20 

degrees of twist. 

Torque measurements of the left hip joint were made with the right leg 

removed to avoid interference when the.left leg was abducted. For these tests, 

the dummy lower torso was rigidly.supported in a fixture above a flat table and 

and torque required to move the leg in abduction/adduction for several fixed 

angles of flexion and extension was measured. In this way, twist motions of 

the leg were avoided. Measurements were obtained for constant flexion angles 

of 0, 15, 30 and 40 degrees and for leg extension angles of 15, 30 40 and 50 

degrees. Resistance of the joint to flexion/extension motion was measured in 

an additional test with the leg at an abduction angle of zero degrees. 

The test apparatus is illustrated in the photographs of Figure 2-14 

where it may be seen _that the lower torso was tilted relative to the table top 

to obtain the desired leg flexion angle and allow the leg to be moved in a 

horizontal plane to avoid gravitational effects. Torques were monitored by 

applying a horizontal force at the. end of the leg extension with a hand-held 

-~ load cell. Vertical support of the leg was provided by means of another load 

cell mounted on. a small dolly that rolled on the flat table surface. This load 

cell was used to indicate variations of the joint torque in the flexion/extension 

plane as the limb was moved in abduction-adduction motion. Joint angular 

measurements were obtained with a rotary ~otentiometer whose shaft was aligned 

with the joint axis of rotation. 

• The records of the hip joint torque for abduction/adduction motion 

with the leg maintained at 0 and 30 degrees of flexion are shown in Figure 2-15. 
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(a) Zero Leg Flexion 

(b) 30° Leg Flexion 

• ~ - . 

Figure 2-14 APPARATUS FOR MEASUREMENT-OF HIP 
·JOINT TORQUE CHARACTERISTICS 
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The data from all of·the tests with the upper leg flexed or extended from the 

reference position indicates negative torques were required to prevent abduction. 

It is possible this results from compression of the lower torso flesh against 

the laterallyslopingfront surface of the pelvis structure which produces 

torques tending to abduct the leg. The measurements also show little variation 

of the initial flexion/extension moment as the leg was moved throughout the 

range of abduction/adduction motion. 

The torque characteristics of the hip joint for flexion/extension 

motion of the upper leg at zero abduction angle are given in Figure 2-16. The 

plot indicates the resistances for flexion and extension are nearly the same 

for angles up to 40 degrees. At larger rotations, the flexion torque increases 

rapidly until the metal-to-meta~. stop is engaged at a flexion angle of about 

49 degrees. 

2.3.4 Thigh Joint 

A pin type joint ·in the dummy thigh permits lateral and medial rotations 

of the·lower leg as depicted in Figure 2-17. Resistive torques for this joint 

were obtained by placing the lower torso in a supine position with the upper 

leg aligned vertically and using a horizontal lever attached to the thigh to 

slowly rotate the joint between the joint stops. The resulting torque charac­

teristics with the joint adjusted loose to minimize the coulomb friction are 

shown in Figure 2-18. As is evident from the plot, the joint provides a motion 

range of 60 degrees before engaging hard stops for both lateral and medial 

rotations from the reference orientation. The slightly increasing torque with 

increasing lateral rotation angles (and vice versa) is primarily due to interference 

between the skin surfaces of the thigh and the lower torso at the leg parting 

plane. 

2.3.5 Knee 

The measured resistive torque of the pin joint of the dummy knee that 

allows flexion and extension motion of the lower leg is presented in Figure 2-19. 

32 



3
3

 



/V/Et>IAL 
RorATioN 

/VII/) -SA6171A L 
PLANE. 

LW,f. LeG CcNTE/i:UN£ 
- V£.eTICAL 

LATEI?AL 
:ROTATION 

Figure 2-17 LOWER LEG REFERENCE ORIENTATION 
FOR MEDIAL AND LATERAL ROTATION 
OF THE THIGH JOINT 

34 

.. 



IT:
_,__ 
.. ... ···•···· .lt. .. ll ... , ..... 

,::·:;:::: :::·t:::: 

;if•···l'.'"l'::lh~[; : ~ ~ : t : ·: ~ t I .1 t t::-.t. • 

:;::,:::: 
····'''·' ... , .... 

! ; : ~ 
•·+· 
••It 

: ~ I : 

+--~'-~-! -~ ii-oi-~..:.~-~-~-'-r ... ~ -~ 1~:i~·!_~..,.i-~-+-~:._;.t'-~+L.,.~_i_~}-:_:.;_.:.;_:~:.:.1 .:.: _:_ ~i.;_i_.;..;.~+l.;_~:.:.~ ;..U.+i...;.i_,.~.:.ifilo;. ·---~~;-1-T;.,.;.;_;.:.~ }-:;..:: ~:..:~:..:t-t-::.:.;.:.: :...: f.:!:..:r:..::.:.:.t.:.~! :! ; ::: T i ~ Y. hA ! ~ J:::: >:!: ~: ~ :: ~ T ~ U 
····~-, ...... ~··t· .... 1.... .... .;;. .... . . ~ :1- , ·n ···~i···· .... ,, . :i,'~ :!'i ....... , ''''!'\:'' .;.!~ .. ,. . . ..,; !~::~ ::,:,!:,: ::::,.::;: ::::,:::: :::: :::: ::::.;::: 
:: =-~!::! ~ : ~;: :: :-; · · · • 1 •; • • '' ~' : : i; (. ! : :.;,: ' ,';,..:: ::::.: i i'l ! ; ::! ; ::: : ~:: ! : i: ::: 'l:::: ; ::.;:: :·: ::::!:::: :::: ~:.': 

; .. ;, 

..• :f .... -.. ~ --~l-· ,_. .................. 
:-;.t; 
·:--··._. 
:;J-~ -·· 

, ... 

., ~ ., : 
""~I ' :· ~ : : 

•roo 

; :! ; t:;t:! 
............ L..I. 

I,.;. o o o I­
o .. L ....... 

........ , 
.... -·"-··· 

'""!"'"' 
: :::: ~ : ~-=-: 

::~r ... , .. ... ~ .. 

...... ,. ., ...... . _._, 

.:::::! ·-:; 
:.::c~::~ :· 

·:::t.; ·-· ... 
-~·:·:·:·IF·.· .. ·· ........ ' ... '·"t"·'·· .... I- .. ··- ·t·- .... ··t·. 

n.; ::i' ,;;;.:: ;:·::1::-:: ::;::;:::; ........... :~::(:~~ ::::::::::: 
; ~ :., ~~:: 
t.t: t. :;·~-;. : ~:-~ r.i r::: 

···•·t .,. •. 

.... r:T: ····· ....... ···o· 
_,. 0 :: j: ! i:: 
:::·~. 

.: ... ; 
• ~ • 0 :::! 

:·t :.: t ;: :: 

... ...... 
:·::1 
""!:: 

.. ·-tr:.: ...... 
.... ,_ .... .. '"...... _ ..... . . ........... ~. . 

:::;I:.::: ...... ' ...... 
:;·::I::: 

:_··.'i,.otJ.· ..o._· •• ••:.:_·. 1r,_:~.··:.'.,: :.· 1_·:.·-.:.[::o;-..:.:.'·:.· .. ,. :i;i ::., ... :.:: :·::: ::::i~:n~;::\1 :::: :.:::1::/.i't.-.:::r::: :::::::"~::::::::' 
:7v. ~~"""· ::-~r 1::.: :i:'-~::: :~:; ::..;:··~~~::: :::: :::: :::":~:::i·.:. :~::;::. ~:::::::: 

:::·li..e:• ;;A• ·~A'o~~ 0.1: . ·; ~: ··'· ... , .. ·~:At::r i1>A.I. P"?J.~'iAi ~ ~-:1 ::t:l .. r~ . ..'~:: .. .. .,r:•., ... 1r1H'! .. ~f~; !i~:,li:: iii: ill ::h~·!.. ~ .. rr. .. :-:-l~:1~'i?.~-~:-:~~?:. :~:;,:Pf. .. <~~:; 

..... , ..... 
; ;-:.: £:--: i 

1-'f: : i~":"~: i '··. = .. ~.: ·.:·.t :,:_;_ r:.1 .;q,·J;-::: ~ 
.. ~. r • I~. 1 • 

'"'l.i•·+•t : t.: ~ -, ~ ~: ! ::.:.i ;;,, 

: ! ; ~ 

Figure 2-18 THIGH JOINT TORQUE CHARACTERISTICS FOR 
LATERAL-MEDIAL ROTATION OF THE LOWER LEG 

,. 

35 

·-···t···-
: :.: :· :~= ·::-:: t~~:: 
: :: :t:.:::.: ·-:.:I::: 1 
:: :~.p.::.: :..:: :. :::·I 

: :::!:::: :::: l :::: ····•···· ........ . 



,.._ 

• 
.. -
+
-
-
~
 

-
f----

1
--1

-' 

-

3
6

 



Although the referenc.e position of the lower leg for this test was not documented, 

it is believed that the 65 degree maximum extension angle shown by the curve 

very nearly corresponds to the position in which the leg was fully extended 

against the joint stop. The increasing stiffness of the joint observed for 

flexion angles greater than 60 degrees is probably due to compression of the 

lower leg against the flesh on the underside of the thigh. The reason for the 

abrupt torque increase at 45 degrees of extension is not known, but the same 

result was observed in each of three tests that were performed on the joint. 

2.3.6 Ankle 

The dummy ankle consists of two pin joints that allow inversion/eversion 

and dorsiflexion/plantar flexio~.motions of the foot. These motions and the 

zero-angle reference orientation of the foot relative to the lower leg are 

illustrated in Figure 2-20. 

The torque characteristics of the joint for inversion/eversion rotations 

of the ankle are shown in Figure 2~21. The indicated coulomb friction torque 

for the loose joint setting is about 6 in.-lb. The increase of resistive torque 

with increasing angle of rotation in each direction results from interference 

between the skin covering the lower leg and foot. The data indicate hard stops 

are engaged at approximately 25 degrees of both inversion and eversion motion. 

Results of measurements of the other pin joint of the ankle permitting 

doriflexion/plantar flexion motions of the foot are presented in Figure 2-22. 

Hard joint stops were engaged at 30 degrees dorsiflexion and at 54 degrees plantar 

flexion. Here again interference of the skin accounts for most of the torque 

variation with rotation angle. 

2.3.7 Neck 

Tests of the flexible rubber neck included measurements of the flexural 

and torsional resistances for statically applied forces and moments and free 

oscillation tests for determining damping properties of the neck. 
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(a) Static Flexion 

The head/neck pendulum test apparatus used for determining compliance 

with the FMVSS 208 dynamic performance requirements was used to obtain static 

measurements of the flexural stiffness of the neck with the head attached. 

From the initial position with the pendulum, neck, and head Z axes all vertical, 

the pendulum was incrementally raised with a winch and the horizontal force, 

directed through the head e.G., required to maintain vertical alignment of the 

head was measured with a load cell. In addition, linear and angular_potentio­

meters recorded changes of the head/neck geometry as illustrated in Figure 2-23. 

The total neck flexion angle (~ + 6) was verified by separately measuring the 

pendulum angle from the vertical with an inclinonometer. 

Tests were performed with the head/neck assembly mounted on the 

pendulum so the neck would bend forward, backward, laterally, and in the plane 

45 degrees from the sagittal plane. The results of these tests indicated that 

the flexural resistance of the neck was essentially the same for all bending 

directions. Typical data measured in the forward flexion test is presented in 

Figure 2-24 which shows that the total flexion angle and each of the ~ and e 
components of the head rotation vary nearly linearly with'the applied force. 

The distance between the head e.G. and the base of the neck, measured by the 

radius potentiometer, did not change by more than 0.1 inches when the neck was 

flexed to the maximum value in any of the tests. 

(b) Static Torsion 

The static torque characteristics of the neck for twisting of the head 

with respect to the torso were determined by measuring the twist angle as a function 

of a moment couple applied to the top of the neck. The results··of three tests 

in which the direction of neck twist was reversed are given in Figure_ 2-25. The 

data show a small hysteresis effect ·for 'the load-unload cycle in each twist 

direction. 
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(c) Dynamic Free-Oscillation Tests 

Information on the damping properties of the rubber neck was obtained 

from measurements of the decay of flexural and torsional oscillations of the 

neck. For these tests, the base of the neck was fixed and a fixture whose mass 

and moment of inertia could be easily varied was attached to the upper end of 

the neck. The variable inertia feature of the fixture provided the capability 

for determining joint effective viscous damping coefficients from log-decrement 

analysis of the measured fixture tangential component of acceleration at several 

resonant frequencies. The results from the free-oscillation tests of the neck 

are summarized in Table 2-3. 

2.3.8 Lumbar Spine 

The flexural and torsional resistanc~s of the dummy rubber lumbar 

spine was measured in static tests of the upper and lower torso assembly, including 

the abdominal insert. In addition, the flexural resistance of the torso when 

the rubber spine was re~laced with a single pin joint was also determined in 

another test. 

(a) Static Flexion 

The apparatus and procedure for measuring the flexural resistance of 

the lumbar spine is similar to that employed for the tests of the neck and is 

illustrated in Figure 2-26. As can be seen in this figure, the horizontal force 

to maintain the upper torso Z axis vertical as the pendulum was raised was 

directed through the upper torso center of gravity. 

The results of tests in which the upper torso was flexed forward and 

backward in the sagittal plane are presented in Figure 2-27. At torso angles 

greater than 15 degrees, the joint resistance for forward bending of the spine 

is somewhat greater than when the torso is bent backward. This is probably due 
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TABLE 2-3 

RESULTS OF NECK FLEXION AND TORSION FREE-OSCILLATION TESTS 

FLEXION 

Fixture Weight (l)"-lb. 

Fixture I yo "-lb.-sec. 2 -in. 

Damped Oscillation Frequency"-HZ 

Amplitude Decay Factor(2) 

Fixture Weight(l)"-lb. 

Fixture I "-lb.-sec.
2
-in. zo 

Oscillation FrequencytVHz 

Amplitude Decay Factor (2) 

TORSION 

5.06 

0.118 

9.4 

0.34 

5.06 

0.183 

10.5 

0.36 

14.31 

0.765 

4.0 

.0. 29 

14.31 

0.810 

4.7 

0.29 

23.56 

1. 412 

3.1 

0.27 

23.56 

1.437 

3.2 

0.29 

Note: (1) Fixture C.G. on neck centerline 1.14 inches above the 
top of the neck. 

(2) 
A 

Amplitude decay factor = l ln Ao n . 
n 

where: A
0 

= initial oscillation amplitude 

An = amplitude of the nth succeeding peak 

46 

.. 



• 

.. 

VPI"'~ 70~so 
Z 19X/S ,. 

/ / 7 I' 
l 

? I ~ / / 

.. 

1 

t 
' j/ 

Lo,qz;f' / 
CELL. < 

. Figure 2-26 LUMBAR SPINE STATIC FLEXION TEST CONFIGURATION 

47 



........ 
_

, .• i 

: t:: 

. ...-
... ,

.
.
,
.
~
.
 -t:. 1--.:. ~ . ., .. 

""I--· 

48 

. ~·l··• 
• t-•

 
4 

•
•
 

..... 
-.. . 

··--
... . 

. . . "l c •
.
•
 

•. 1 •
•
•
•
•
•
 

....... 

····+
···· t: ::'"tr... :~ 

1-
•
•
 0

!: .. 
"
-
-
·
~
 ...... 

:-: i: :::: 
:
:
 

t_: 
·.: t.: :_:_··~. :_ 

.. 



to the difference in the effect of the abdominal insert, which being located 

ahead of the spine, tends to be squeezed between the upper and lower torso 

segments during forward flexion. 

The degree to which compression of the abdominal insert contributes 

to the effective resistance of the lumbar spine during forward flexion of the 

upper torso was investigated by perfo~ing a second test in which the rubber 

spine was replaced by a two-piece steel spine of the same size which contained 

a single pin joint at the center. Since the center of rotation was fixed and . 

known in this instance, the resistive torque could be calculated from the applied 

force measurements and is shown in Figure 2-28 as a function of the flexion 

angle. It should be noted that torque shown in this plot is due almost entirely 

to compression of the abdominal_~nsert and of the flesh of the upper and lower 

torsos since the resistance of the pin joint in the spine (i.e., coulomb fiction) 

was _very small. 

The force required to rotate the upper torso to a given flexion angle 

was less with the pin joint* than in the test with the rubber spine due to the 

bending resistance of the rubber spine. However, a difference in the relative 

magnitudes of the $ and e angles (see Figure 2-26) was also noted between the 

two tests. For the rubber spine, the relationship between $ and e was e = 1.05$ 

compared to e = 1.25$ in the test with the pin joint, thereby indicating that 

the effective center of rotation· is not at the midpoint of the rubber lumber 

spine. 

(b) Static Torsion 

Measurements of the static twist characteristics of the dummy's spinal 

column were made with ~n assembled torso, including the upper torso skin jacket 

and abdominal insert. The lower torso was rigidly attached to a base plate and 

*Note that the applied force in the test with the pin joint can be determined 
by dividing the torque shown in Figure 2-28 by the 8.95 inch moment arm. 
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a horizontal force couple was applied to the upper torso using a large disc 

(secured at the neck mounting plate. Results of the test in the form of plots 

of applied torque versus torso twist angle are presented in Figure 2~29. The 

data indicate somewhat different torsional stiffness for rotations in opposite 

directions and considerable hysteresis effects. It should be mentioned that 

the twist angle was noted to drift slowly as the torque was held constant for 

a period of time. For this reason, measurements of the angle were made_within 

two or. three seconds after changing the applied torque. 

2.4 Upper Torso Compliance 

The compliance of the upper torso loaded by a shoulder belt was 

investigated in a static tes~ which provides data for estimating how the force­

strain properties of belt webbing might be modified to ac'count for the effects 

of dummy compliance in computer simulations of belt restraint systems. The dummy 

was supported in a supine position on a rigid surface and the chest was loaded 

by means of an inextensible steel strap positioned in a typical torso belt 

configuration as shown in Figure 2-30. Loads were applied by pulling on the 

upper end of the strap and the force at each end, the corresponding change of 

belt·length between anchor points resulting from the deformation of the torso, 

and the posterior deflection of the sternum were recorded. 

The effective belt stretch due to torso compliance is shown in Figure 

2-31. Note that the manner of loading was such that the force at the upper end 

of the strap was higher than that measured at the lower anchor. Since the loads 

measured in djnamic sled and-full-scale crash tests are usually highest at the 

upper -end of a shoulder belt, the static test results are realistic in that 

respect. The indication of reduced stiffness evidenced by the curves beginning 

at about 2 inches of effective belt elongation is probably associated with lateral 

displacement of the rib cage. The center of the sternum was observed to have 

displaced nearly 1 inch to the left of the mid sagittal plane when the upper 

anchor load was 1200 lbs. 
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Figure 2-30 TEST SET-UP FOR MEASUREMENT OF 
DUMMY CHEST COMPLIANCE 
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No. (i) 

1 
2 
3 
4 
5 
6 
7 
8 
9. 

"10 
11 
12 
13 

» 14 
15 

3. 0 CVS MODEL OF DUt-1MY 

The CVS program requires that the dummy be modeled as a collection of 

rigid segments connected by joints. The Part 572 dummy satisfies this require-

. ment for all of its components except for the neck and the lumbar spine. A 

fifteen-segment, fourteen-joint model has been selected to describe the dummy. 

In this model the neck and lumbar spine are assumed to be rigid segments 

connected by joints to the adjoining segments. The clavicles and associated 

components of the shoulder are .assumed to be part of the upper torso with the 

shoulder modeled as a single joint connecting the upper torso to the upper arm. 

The hands are assumed to be part of the lower arms, i.e., the wrist joint is 

not modeled. 

The segments and joints are identified in.Table 3-1. 

TABLE 3-1 
SEGMENTS AND JOINTS OF DUMMY MODEL 

SEQ.1ENTS JOINTS 

Name Symbol No. (j) Name Symbol JNT(j) Connects 

Lower Torso LT 1 Pelvis p 1 LT - CT 
Center Torso CT 2 Waist w 2 CT - UT 
Upper Torso UT 3 Neck Pivot NP 3 UT NECK 
Neck NECK 4 Head Pivot HP 4 NECK - HEAD 
Head HEAD 5 Left Hip LH 1 LT - LUL 
Left Upper Leg LUL 6 Left Knee LK 6 LUL - LLL 
Left Lower Leg LLL 7 Left Ankle LA 7 LLL - LF 
Left· Foot LF 8 Right Hip RH 1 LT - RUL 
Right Upper Leg RUL 9 Right Knee RK 9 RUL- RLL 
Right Lower Leg RLL 10 Right Ankle RA 10 RLL - RF 
Right Foot RF 11 Left Shoulder LS 3 UT - LUA 
Left Upper Arm LUA 12 Left Elbow LE 12 LUA - LLA 
Left Lower Arm· LLA 13 Right Shoulder RS 3 UT - RUA 
Right Upper Arm RUA 14 Right Elbow RE 14 RUA - RLA 
Right Lower Arm RLA 

55 



In Table 3-1 each segment and joint has been assigned a number and a 

symbol. The lumbar spine has been called the Center Torso. The column labeled 

JNT(j) is a connectivity vector which is used by the CVS model to identify the 

segments connected by a joint. That is, for joint j, the segment j + 1 is 

connected to the segment JNT(j). For example, joint 13 (Right Shoulder) connects 

the Right Upper Arm (segment 14) to the Upper Torso (segment 3). The last 

column labeled "Connects" contains the symbols identifying the segments 

connected by the joint. 

3.1 Segments 

This section defines the numerical value of the parameters used by 

the CVS program for the segment·s. These values are based on the experimental 

measurements reported in Section 2. 

3.1.1 Segment Weights,· Inertias, and Orientation of Principal Axes 

Section 2.1 describes the experimental measurements of the weights 

and Section 2.2 describes the experimental measurements of the inertias. These 

experimental ·results are given in Tables 2-1 and 2-2, respectively. 

The rotation angles given in Table 2-2 define the orientation of the 

principal inertial axes of the segments with respect to the geometric reference 

axes used in the measurements. For input to the CVS program the geometric axes 

were redefined such that the Z axis was along the long bone axes of the segments 

where applicable. The Z axis is taken as positive in the downward direction, 

the X axis as forward, and the Y axis to the right to form a right-handed 

coordinate system. 

The inertial data used to describe the dummy is summarized in Table 

3-2. The inertia and the orientation of the principal axes with respect to the 

geometric axes·were computed from the experimental data with the same program 

that was used to produce Table 2-2. However, the program was modified to ignore 
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TABLE 3-2 

SEGMENT WEIGHTS AND INERTIAS 

Inertia: Orientation 
Segment (lb-in-sec2) (degrees) 

No. Wei~ht (lbs.) Ix Iy Iz yaw Eitch roll 

1 
2 
3 
4 
5 
6 
7 
8 
9 

la 
11 
12 
13 
14 
15 

LT 29.a4 1. 9859 1.3852 1.48a2 a.a 23.85 a.a 
CT 3.aa a.a213 a.a213 a.aa87 a. a a.aa a. a 
UT 37.87 2.a799 1.5915 1.3362 a.a a.aa a.a 
NECK 1. 82 a. a118 a. a118 a.aa5a a. a a.aa a.a 
HEAD 9.67 a.2197 a.2562 a.l638 a. a 42.21 a. a 
LUL 2a. 99 a.7723 a.7721 a .1164 a.a a.aa a. a 
LLL 7.a a.5948 a.59a7 a.a322 a. a -3.74 a.a 
LF 2.76 a.a383 a.a434 a.al32 a. a a.aa a. a 
RUL 2a.99 a. 7723 a.7721 a.l164 a.a a.aa a.a 
RLL 7.aa a.5948 a.59a7 a.a322 a.a -3.74 a. a 
RF 2.76 a.a383 a.a434 a.al32 a. a a.aa a. a 
LUA 4.76 a·.l378 a.l426 a.al25 a. a a.aa 11.52 
LLA 4.61 a. 2696 a.2614 a.al25 a. a a.aa a. a 
RUA 4.76 a.l378 a. 1426 a.al25 a. a a.aa -11.52 
RLA 4.61 a.2696 a.2614 a.al25 a.a a.aa a.aa 

any cross product inertia that was less than la% of the maximum product of 

inertia. This procedure can be justified by consideration of the experimental 

errors of measurement. The data for the Center Torso (lumbar spine) and the 

Neck were computed by assuming these segments were circular cylinders of uniform 

density. The weight of some segments was adjusted to account for the addition 

and/or deletion of components in instances where the model definition was 

different than the actual segment used in the measurements. 

3.1.2 Contact Ellipsoids 

The CVS program requires the definition of ellipsoids that are 

rigidly attached to segments and which are used to compute contact forces 

resulting from various interactions during.the simulation. These primary 

ellipsoids do not necessarily have to describe the entire body surface; rather 

they should be defined to best simulate segment interferences for calculation 

of contact forces. Table 3-3 summarizes·the selections made for the baseline 
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model of the dummy. It is the responsibility of the user of the program to 

redefine these if necessary.* 

3.1.3 

Ellipsoid 

1 
2 
3 
4 
5 
6 
7 
8 
9 

-· 10 
ll 
12 
13 
14 
15 

Joint Locations 

TABLE 3-3 

SEGMENT CONTACT ELLIPSOIDS 

Length of 
Semi Axes (in.) 

X 

4.90 
4.10 
4.66 
2.70 
4.00 
3.30 
2.36 
1.52 
3.30 
2.36 
1.52 
2.07 
1.30 
2.07 
1.30 

y z 

6.94 6.00 
5.25 4.40 
6.78 9.00 
2.28 4.00 
3.10 5.00 
3.50 11.40 
2. 23 . 9. 45 
1.60 5.22 
3.50 11.40 
2. 23. 9.45 
1. 60 5. 22 
1. 64 6. 88 
l.ll 8. 38 
1. 64 6. 88 
l.ll 8. 38 

Coordinates of 
Center (in.) 

X 

0.00 
2.15 
0.80 

-0.10 
0.50 
0.15 
0.00 
0.00 
0.15 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

y 

0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

z 

-0.27 
0.30 
2.20 
1. 65 
0.40 

-2.20 
0.00 
0.95 

-2.20 
0.00 
0.95 
0.00 
0.00 
0.00 
0.00 

The joint locations are given in this section because they are 

associated with a particular segment. Detailed descriptions of the joint's 

and the associated parameters are given in Section 3.2. 

The CVS program models a joint connecting two segments as a mathematical 

point fixed in each segment about which one segment may rotate relative to the 

other. The' fixed point in each segment is taken as the origin of the joint 

coordinate system for the respective .segment. These fixed points are assumed 

*The CVS program allows the user to define additional ellipsoids and/or to 
redefine the orientation of these primary ellipsoids. If an orientation is 
not specified, the program assumes the ellipsoid axes are parallel. to the 
geometric axes of the segments to which they are assigned. 
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to be in the same location in space, i.e., the joints do not pull apart. The· 

joint locations are given with respect to the e.g. (center of gravity) of the 

segment. The measured locations of the joints were converted to the e.g . 

reference system and are summarized in Table 3-4. The locations of the joints 

associated ~ith the neck and the lumbar spine were modified to account for t~e 

steel plate located in these rubber joints. Since the neck and the spine are 

"rubber," the locations of these joints are not well defined. 

TABLE 3-4 

JOINT LOCATIONS IN ADJOINING SEGMENTS 

Joint Se~ment Location (in.) Segment Location (in.) 

X y z X y z 

1 p LT -1.790 0.000 -2.140 - CT 0.000 0.000 2.075 
2 w CT 0.000 0.000 -2.325 UT -1.131 0.000 6.559 
3 NP UT 1. 575 0.000 -6.576 NECK 0.000 0.000 2.185 
4 HP NECK 0.000 0.000 -2.185 HEAD -0.370 0.000 1.390 
5 LH LT -0.130 -3.500 1.700 LUL 1.300 0.000 -9.000 
6 LK LUL -0.043 0.100 6.740 LLL -0.097 0.000 -7.365 
7 LA LLL -0.097 0.000 8.835 LF 1.600 :-0.130 -2.030 
8 RH LT -0.130 3.500 1. 700 RUL 1.300 0.000 -9.000 
9 RK RUL -0.043 -0.100 6.740 RLL -0.097 0.000 -7.365 

10 RA RLL -0.097 0.000 8.835 RF 1.600 0.130 -2.030 
11 LS UT -0.161 -7.400 -3.580 LUA 0.047 0.030 -4.690 
12 LE LUA 0.047 0.030 5.610 LLA -0.120 -0.025 -6.340 
13 RS UT -0.161 7.400 -3.580 RUA 0.047 -0.030 -4.690 
14 RE RUA 0.047 -0.030 5.610 RLA -0.120 0.025 -6.340 

3.1.4 Details of Segment Data 

The basic information used to generate the tables· in Sections 3.1.1, 

3.1.2 and 3.1.3 is given in the following pages. On these pages the abbreviation 

e.g. is used for the center of gravity (center of mass). 

Segment 1: Lower Torso - LT 

Lower torso - pelvis and abdomen assembly (Ref. SA1SOM060) ATD-7145 

Geometric reference: XY plane parallel to lumbar and pelvic adaptor 

D/02, ATD 7116, X + forward, Y + to right, Z + down. 
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Segment 1: Lower Torso - LT (continued) 

Origin - cente·r of mounting hole for lumbar cable asse~bly D/05, ., 

ATD-7107, Z= 0 at upper surface of D/02 (adjacent to lumbar D/01). 

Inertial Properties: 

Weight 38. 04 lbs. .,. 

Inertia (Ix, 

Yaw, pitch, 

e.g. (x, y, 

Iy, 

roll 

z) 

Iz) 1.98739, 1.38370, 1.48029 lb-in-sec2 

-3.11, 23.82, -1.08 degrees wrt geometric 

1. 794, 0. 061, 1. 576 inches · 

e.g. is 2.268 in. above leg bone G/02 centerline. 

(2.268 + 1.576 = 3.844 location of D/02 above femur centerline) 

Weight, inertia and e.g. measurements included: 

Abdominal insert E/04 ATD-3250-2 (viscera sac) 

Lumbar D/01 ATD-7102 3 lbs. 

Femur and retainer assembly feft E/05 ATD-3232-1 3.1 lbs. 

(includes clamping plate) right E/06 ATC-3232-2 3.1 lbs. 

Adjusted weight (without D/01, E/05 and E/06 but with clamping 

plates) = 29.04 lbs. 

Joint locations: X y z (inches) 

1 lower torso - lumbar spine 0.000 0.0000 -0.500 (plate thickness). 

5 lower torso - right upper leg 1. 656 3.4375 0.905 above leg bone 

8 lower torso - left upper leg 1.656 -3.4375 1.095 above leg bone 

(c/1 - centerline) 

Segment 2: Center Torso (Lumbar Spine) - CT 

Lumbar spine (Reference SA150M050) ATD-7141 

Geometric reference: XY parallel to lumbar and pelvic adapter D/02, 

X + forward, Y + right, Z + down 

Origin - geometric center 

Inertial properties: 

Weight 3 lbs. 

Inertia (Ix, Iy, Iz) 0.0212581, 0.0222581, 0.0081686 lb-in-sec2 

Yaw, pitch, roll 0, 0, 0 degrees 

60 

c/1 

c/1 



Segment 2: Center Torso - CT (continued) 
Inert:i!a calculation, assuming spine is a cylind.er of uniform density: 

( H
2 

R
2

) 2 I : I = M -12 + 4 I = MR 
X y ' Z 2 

H = 5.15 in, R = 1.45 iTI, G = 386.088 in/sec2 

Ix, Iy as calculated will be low because of plates in spine (not 

uniform density). 

Iz as calculated will be low because of hole through center. 

e.g. taken as the geometric center. 

Joint locations with respect to the e.g. 

X y z inches 

2 P - Pelvis 

3 W - Waist 

0, 0,. 2.575- 0.5 

0, 0, -2.575 + 0.25 

(adjusted for 

plate thickness) 

Segment 3: Upper Torso- UT. 

Upper torso-Shoulder-Thorax Assembly (Ref. SA150M030) . ATD-7140 

Geometric Reference 

xy plane parallel to Thoracic and Lumbar Adaptor bottom surface c/14, 

ATD-7130 

x + forward, y + right, z + down 

origin - bottom surface c/14, of spine 

Inertial Properties 

Weight 

Inertia (Ix, Iy, Iz) 

Yaw, pi~ch, roll 

e.g. (x, y, z) 

Joint Locations 

37.87 lbs 

2.08151 

-3 

1.131 

1.59187 

-0.84 

0 

1.33425 lb-in~sec2 

4.74 

-6.309 

degrees wrt geometric 

inches 

Upper torso-neck-center of mounting surface for neck 

X 

·2.62 + 1/4 sin 20 

y 

0 

z inches 

12.65 1/4 cos 20 

(the neck is pitched - 20 degrees with respect to the torso 

and the joint is moved 1/4 inch into the neck to adjust for 

the plate). 
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Segment 3: Upper Torso - UT (continued) 
., X 

Upper torso-spine 0 

Upper torso-right upper arm* 0.97 

Upper torso-left upper arm* 0.97 

y 

0 

7.40 

-7.40 

z inches 

0.25 (adjusted for plate) 

-9.64 

-9.64 

*These assume that Shoulder Yokes c/19, c/10, ATD-3056-1,2 

and Clavicles c/18, c/17, ATD-3061-1,2 

do not move relative to main assembly. 

Segment 4: Neck- NECK 

Neck B/01 (Ref. SA150M020) ATD-7150 

Geometric Reference 

xy plane parallel to mounting surfaces, X + forward, y + right 

z + down 

origin, geometric center 

Inertial Properties 

Weight 1. 82 lbs 

Inertia (x, Iy, Iz) 0.01179, 0.01179, 0.00500 lb-in-sec2 

Yaw, pitch, roll 0 0 0 degrees wrt geometric 

Inertia calculation, assuming neck is a cylinder of uniform density. 

I = I = M (H
2 

+ R
2

) I = M .. ~2 
y X 12 4 ' z 2 

H = 4.87 in, R = 1.45 in 

Joint locations with respect to the c .g.· 

X z 

2.435 0.25 (adjusted for 3 NP - Neck Pivot 

4 HP Head Pivot 

0 

0 

y 

0 

0 -2.435 + 0.25 plate thickness) 

Segment 5 : Head - HEAD 

Head (Ref. SA150-M010) 
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Segment 5 : nead - HEAD (continued) 

Geometric Reference 

., 

xy plane parallel to neck mounting surface, x + forward, y + right 

z + down (toward neck) 

origin - center of mounting hole at junction of head and neck 

Inertial Properties 

Weight 9.67 lbs 

Inertia (Ix, Iy, Iz) 0.21938, 0.25739, 0.16291 lb-in-sec2 

Yaw, pitch, roll 7.22 42.84 -0.61 degrees wrt geometric 

e.g. (x, y, z) 0.37 -0.043 -1.14 inches 

Joint Location 

X 

4 HP - Head Pivot 0 

Segment 9 : Right Upper Leg - RUL 

y 

0 

z (inches) 

0.25 

Right Upper Leg (Ref. SA150M080) ATD-7142-2 

Geometric Reference 

x + forward (standing) 

y + right parallel to knee pin 

z + upper leg bone to knee 

line through knee pin and center of protruding upper leg bone 

G/01-ATD-7131-1 

center of bone appears to be directly above J/06 on ATD-7100 

origin- center of knee joint pin. F/14.ATD3773 -center of upper 

leg bone G/01-ATD-7131-1 

Inertial Properties 

Weight 17.99 lbs. 

Inertia (Ix, Iy, Iz) 0.77409, 0.77147, 0.11530 lb-in-sec
2 

Yaw, pitch, roll -42.180 -0.16 2~33 degrees wrt geometric 

e.g. (x, y, z) 0.0434 0.10 -6.74 inches 

(Weight, Inertia and e.g. without Femur Assembly E/06) 
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Segment 9 : Right Upper Leg - RUL (continued) 
., 

Joint Locations X y z inches 

8 RH- Right Hip 0.7 -0.525 -16.20 

9 RK - Right Knee 0 0 0 

Segment 6:· Left Upper Leg - LUL 

Left Upper Leg (Ref. SA150M081) ATD-7142-1 

Assume mirror symmetry with respect to right upper leg 

Inertial Properties 

Weight 17.99 lbs. 

Inertia (Ix, Iy, Iz) 0.77409, 0.77147, 0.11530 lb-in-sec2 

Yaw, pitch, roll 42.18 -0.16 -2.33 degrees wrt geometric 

e.g. (x, y, z) 0.0434 -0.10 -6.74 inches .. 

Joint Locations X y z inches 

5 LH- Left Hip 0.7 0.525 -16.20 

6 LK - Left Knee 0 0 0 

Segment 10: Right Lower Leg - RLL 

Right Lower Leg F/07 (Ref. SA150M080) ATD-7142-2 

ATD-3738-2 

Geometric Reference 

z axis knee pin, ankle pifi 

x axis + forward y axis + right 

origin - center of knee pin 

Inertial Properties 

Weight 

Inertia (Ix, Iy, 

Yaw, pitch, roll 

Iz) 

7.00 lbs 

0.59504, 

11.85 

0.59083 

-3.94 

0.03184 lb-in-sec 2 

0.58 degrees wrt geometric 

e.g. (x, y, z) 0.097 0 7.365 inches _(y not measured) 
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Segment 10: Right Lower Leg - RLL (continued) 

Joint Locations X y 

9 RK -.Right Knee 0 0 

10· RA - Right Ankle 0 0 

Segment 7: L·eft Lower Leg - LLL 

Left Lower Leg G/07 (Ref. SA1SOM08l) ATD-7142-1 

ATD-3738-l 

Same as Right Lower Leg 

mirror symmetry on inertia 

Segment 11: Right Foot - RF 

Right Foot F/09 (Ref. SA150M080) ATD-7142-2 

ATD-3141-2 

Geometric Reference 

z axis parallel to floor plane (+ heel to toe) 

y parallel to ankle pin 

x + toward top 

origin, center of ankle pin 

Inertial Properties 

Weight 2.76 lbs 

Inertia error in measurement 

X y z inches 

e.g . -1.6 -0.13 2.03 

Joint Locations X y 

10 RA Right Ankle 0 0 

Segment 8: Left Foot LF 

Left Foot G/09 (Ref. SA1SOMOS1) ATD-7142-1 

ATD-3141-1 

Same as Right Foot - mirror symmetry 
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Segment 14: Right Upper Arm- RUA 

Right Upper Arm (Ref. SA150M070) ATD-7143-2 

Geometric Reference 

z axis + center of shoulder pivot toward center of elbow pivot 

x + forward, parallel to J07 bolt 

y + toward right parallel to elbow joint 

origin - center of shoulder pivot 

Inertial Properties 

Weight 4.59 lbs + 0.17 lbs bolt (elbow) 

Inertia (Ix, Iy, Iz) 

Yaw, pitch, roll 

e.g. (x, y, z) 

o:l3774 0.14269 0 .·01249 lb-in-sec2 

5.46 1.27 

-0.047 0.03 

(Measurements without elbow pivot bolt) 

Joint Locations 

13 RS - Right Shoulder 

14 RE - Right Elbow 

Segment 12: ·Left Upper Arm- LUA 

X 

0 

0 

y 

0 

0 

-ll.45 

4.69 

z 

0 

10.30 

Left Upper Arm (Ref. SA150M071) ATD-7143-1 

Same as Right Upper Arm 

mirror symmetry on inertia and e.g. 

Segment· 15 : Right Lower Arm and Hand - RLA 

degrees 

inches 

inches 

Right Lower Arm and Hand (Ref. SA150M010) ATD-7143-2 

(Forearm) ATD-3145-2, MD 403-2, ATD-3142-2 

wrt geometric 

Measurements made with wrist locked and wrist pivot 90° to elbow pivot 
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Segment 15: Right Lower Arm and Hand- RLA (continued) 

Geometric Reference 

z + from center of Elbow pivot to center of wrist pivot 

.y + toward right parallel to elbow pivot 

x + toward thumb 

origin - center of elbow pivot 

Inertial Properties 

Weight 4.61 lbs 

Inertia (Ix, Iy, Iz) 0.27271 0.25852 0.01237 lb-in-sec2 

Yaw, pitch, roll 27.10 0.90 1.26 degrees wrt geometric 

e.g. (x, y, z) 0.120 -0.025 

Joint Location X 

14 RE - Right Elbow 0 

Segment 13: Left Lower Arm and Hand- LLA 

y 

0 

6.34 inches 

z inches 

0 

Left Lower Arm and Hand (Ref. SA150M071) ·ATD-7143-1 

(Forearm) ATD-3145-1, MD-403-1, ATD-3142-1 

Same as Right Lower Arm and Hand 

Mirror symmetry on inertia and e.g. 

3.2 Joint Coordinate Systems and Joint Parameters 

The Part 572 dummy is modeled using three types of joints: 

1) Ball Joints, used for the neck and the lumbar spine, 

2) Pin Joints, used for the knees, and 

3) Euler Joints, used for the hips, ankles, shoulders, and elbows. 

The wrist joints were not modeled; the hands were considered part of the lower 

arms. The parameters that must be determined to describe the joint are: 
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A) Joint location: All joints are modeled as if the relative angular 

motion between the segments connected by the joint occurs about a 

fixed point in each segment. The position of this fixed point is taken 

as the origin of the joint coordinate system and is specified in the 

description of the segments. Joint locations are summarized in 

Section 3.1.3, Table 3-4. 

B) Joint orientation: A local coordinate system is defined in each 

segment at the joint. The relative orientations of these coordinate 

systems are used to compute the torques developed at the joints. The 
• orientation of the local coordinate system at the joint relative to the 

geometric coordinate system of the segment is specified in terms of 

three angles, usually the yaw, pitch and the roll of the joint 

reference relative to the segment reference. The joint orientations 

selected for the CVS model of the Part 572 dummy are listed in Table 3-5. 

C) Center of symmetry: The standard joint routines in the CVS program 

assume that the torques are symmetric functions of the relative angles 

at the joints. The center of symmetry for ball and pin joints is 

controlled by proper orientation of the joint coordinate systems. The 

center of symmetry for an Euler Joint is specified for each axis 

(precession, nutation and spin). The values selected for each Euler 

Joint of the dummy model are also given in Table 3-5. 

D) Spring parameters for each free axis, shown in Table 3-6. 

E) Viscous and friction characteristics: The standard joint routines in 

the CVS program use· seven parameters for which values are listed in 

Table 3-7. 

The location of the joints and the orientation of the joint coordinate 

systems are taken from the experimental measurements and/or t~e engineering 

drawings. The locations (Item A) are given in the description of the segments. 
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TABLE 3-5 
• 

JOINT ORIENTATIONS FOR THE PART 572 DUMMY MODEL 

Principal Axis Principal Axis 
Joint Segment JNT(J) Segment J + 1 Center of Symmetr;r 

J. Symbol JNT PIN Yaw Pitch Roll Yaw Pitch Roll Prec. Nuta. Spin 

(degrees) (degrees) (degrees) 

1 p 1 -2 0 0 0 0 0 0 
2 w 2 -2 0 0 0 0 0 0 
3 NP 3 -2 0 -20 0 0 0 0 
4 HP 4 -2 0 0 0 0 0 0 
5 LH 1 -4 -90 90 0 0 4.76 0 27 -70 0 
6 LK 6 1 0 0 0 0 43.0 0 
7 LA 7 -4 90 0 -0.6 90 0 0 0 79 0 
8 RH 1 -4 90 90 0 0 4.76 0 -27 70 0 
9 RK 9 1 0 o·. 0 0 43 0 

10 RA 10 -4 90 0 -0.6 90 0 0 0 79 0 
ll LS 3 -4 0 0 90 0 0 0 55 -65 0 
12 LE 12 -4 90 0 0 90 0 0 8 -70 0 
13 RS 3 -4 0 0 -90 0 0 0 55 65 0 
14 RE 14 -4 90 0 0 90 0 0 -8 70 0 

Column Entries in Table 

1 Joint Number 

2 Joint Symbol 

3 Joint Vector JNT(J) defines connectivity, i.e., 

PIN 

1 Pin or hinge joint, initially unlocked 

-2 Ball joint, initially locked 

-4 Euler Joint, initially locked 

... 5, 6 J 7 Yaw, Pitch and Roll of the axis system of the joint with respect to 

the geometric axis system of segment JNT(J). (YPRl) 

8, 9, 10 Yaw, Pi t.ch and Roll of the axis system of the joint with respect 

to the geometric axis system of segment J + 1. (YPR2) 

ll, 12, 13 Center of Symmetry. This is only required for the Euler Joints, 

hence, is entered as the center of symmetry on the precession, 

nutation, and spin axes respectively. (YPR3) 
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Joint 

1 

2 

3 

4 

5 

6 
7 

8 

9 
10 

11 

12 

13 

14 

Symbol 

p 

w 

NP 

HP 

LH 

LK 
LA 

RH 

RK 
RA 

LS 

LE 

RS 

RE 

TABLE 3-6 

JOINT SPRING PARAMETERS 

1 

50.000 
34.383. 
50.000 
34.383 
31.200 
15.000 
31.200 
15.000 

7.500 
7.500 

16.000 
0.000 
1". 000 
1.000 
7.500 
7.500 

16.000 
0.000 
1.000 
1.000 
0.000 
0.000 
0.000 
5.000 
0.000 
0.000 
0.000 
5.000 

2 

0 
0 
0 
0 
0 
0 
0 
0 

75 
75 

160 
10 
10 
10 
75 
75 

160 
10 
10 
10 

100 
100 

20 
50 

100 
100 

20 
50 

3 

0 
0 
0 
0 

.o 
0 
0 
0 

75 
75 

160 
0 

10 
10 
75 
75 

160 
0 

10 
10 

100 
100 

20 
50 

100 
100 

20 
so 

4 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

5 

90 
170 

90 
170 

90 
170 

90 
170 

77 
35 
60 
53 
26 
42 
77 
35 
60 
53. 
26 
42 

125 
60 
52 
70 

125 
60 
52 
70 

Axis 

flexure 
torsion 
flexure 
torsion 
flexure 
torsion 
flexure 
torsion 
precession 
nutation 
spin 
flexure 
precession 
nutation 
precession 
nutation 
spin 
flexure 
precession 
nutation 
precession 
nutation 
precession 
nutation 
precession 
nutation 
precession 
nutation 

Column: 1) Linear spring coefficient, (in.-lbs per degree). 

2) Quadratic spring coefficient, (in.-lbs per degree squared). 

3) Cubic spring coefficient, (in.-lbs per degree cubed). 

4) Energy dissipation coefficient, (1 for no loss, 0 for full loss). 

5) Joint stop, location with respect to the center of symmetry. 

For the ball joint two sets of spring parameters must be specified, one for the 
flexure axis and the other for the torsion axis. 

For the pin joint, only the flexure axis is specified. 

For the Euler Joint a set of parameters must be specified for each free axis. 
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TABLE 3-7 

• JOINT VISCOUS AND FRICTION PARAMETERS 

Joint Symbol 1 2 3 4 5 6 7 Axis .. 
1 p 1. 20 122.4 30 500 0 0 0 
2 w 1. 20 122.4 30 300 0 0 0 
3 NP 0.15 100.0 30 15 0 0 0 
4 HP 0.15 100.0 30 10 0 0 0 
5 LH 1.00 100.0 30 150 0 0 0 precession 

1.00 200.0 30 300 0 0 0 nutation 
1. 00 100.0 30 150 0 0 0 spin 

6 LK 1. 00 20.0 30 30 0 0 0 
7 LA 0.50 20 .. 0 30 30 0 0 0 precession 

0.50 20.0 30 30 0 0 0 nutation 
0.00 0.0 30 0 0 0 0 spin 

8 RH 1. 00 100.0 30 150 0 0 0 precession 
1. 00 200.0 30 300 0 0 0 nutation 
1.00 1.00.0 30 150 0 0 0 spin 

9 RK 1. 00 20.0 30 30 0 0 0 
10 RA 0.50 20.0 30 30 0 0 0 precession 

0.50 20.0 30 30 0 0 0 nutation 
0.00 0.0 30 0 0 0 0 spin 

11 LS 0.10 50.0 30 100 0 0 0 precession 
0.10 50.0 30 100 0 0 0 nutation 
0.00 0.0 30 0. 0 0 0 spin 

12 LE 0.10 20.0 30 30 0 0 0 precession 
0.10 20.0 30 30 0 0 0 nutation 
0.00 0.0 30 0 0 0 0 spin 

13 RS 0.10 50.0 30 100 0 0 0 precession 
0.10 50.0 30 100 0 0 0 nutation 
0.00 0.0 30 0 0 0 0 spin 

14 RE 0.10 20.0 30 30 0 0 0 precession 
0.10 20.0 30 30 0 0 0 nutation 
0.00 0.0 30 0 0 0 0 spin 

Column: 1) Viscous coefficient (in.-lbs per degree per second). 
2) Coulomb friction (in. -lbs). 
3) Relative angular velocity for full Coulomb (degrees per second). 
4) Maximum torque for a locked joint (in.-lbs). 
5) Minimum torque for an unlocked joint (in.-lbs). 
6) Minimum angular velocity for an unlocked joint (degrees per second). 

.... .7) Coefficient of restitution, e = (1 + ~)/2 where ~ is the classical 
coefficient of restitution. 

The ball and pin joints use only one set of viscous parameters; the Euler Joint 
requires a set for each axis. 
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The center of symmetry and the spring characteristics (Items C and D) 

were derived from static measurements of all the joints except the neck and 

the lumbar spine. The neck and lumbar spine are basically rubber cylinders 

which are not rigid bodies and hence are not well defined. They are modeled 

as separate segments connected by ball joints to the adjoining segments. The 

spring and viscous characteristics were determined from special static and 

dynamic tests which are described later in Sections 3.3, 3.4, and 3.5.* 

Since no dynamic tests were made for the joints other than the neck 

and spine, the viscous coefficients could not be determined. Therefore, 

arbitrary values were assumed which are shown in Table 3-7. The Coulomb friction 

can be preset on the dummy, a default value sufficient to hold the segment in 

static equilibrium is tabulateq. It was assumed that the maximum torque for 

a locked joint was 150 percent of the Coulomb friction, and the minimum torque 

~d the minim~ angular velocity for an unlocked joint were both zero. The 

relative angular v.elocity for full Coulomb friction was arbitrarily set at 30 

degrees per second for all joints. This controls the ramp function. A zero 

value for coefficient of restitution of all joints was also assumed in the 

model. 

The following pages contain illustrations of the joint reference 

systems with respect to the geometric reference systems of the segments connected 

by each joint. 

*Final values for the two joints of the neck and of the spine were determined 
by "tuning" to achieve acceptable correlation with results of pendulum impact 
tests. 
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(a) Lower SEine (Pelvis) Joint - Ball Joint 

• 
X xl xl I XI I I 

L 
z zl / zl I z I II 

y yl yl I yl I I 

Geometric ref. Joint ref. Joint ref. Geometric ref. 
in lower torso in lower torso in spine in spine 

YPRl: yaw 0.0 degrees YPR2: yaw 0.0 degrees 

pitch 0.0 degrees pitch 0.0 degrees 

roll 0.0 degrees roll 0.0 degrees 

(b) UpEer SEine (Waist) Joint - Ball Joint 

X xl xl I X I I I 

z zl zl I zl II 

y yl yl I yl I I 

Geometric ref. Joint ref. Joint ref. Geometric ref. 
in spine in spine in upper torso in upper torso 

YPRl: yaw 0.0 degrees YPR2: yaw 0.0 degrees 

pitch 0.0 degrees pitch 0.0 degrees 

roll 0.0 degrees roll 0.0 degrees 

.. 
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(c) Lower Neck Joint (Neck Pivot) - Ball Joint 

xl xl I XI I I 

z .L 
zl z

11
/ z

111 

y yl yl I yl I I 

Geometric ref. Joint ref .. Joint ref. Geometric ref. 
in upper torso in upper torso in neck in neck 

YPRl: yaw 0.0 degrees YPR2: yaw 0.0 degrees 

pitch -20.0 degrees pitch 0.0 degrees 
.. 

roll· 0.0 degrees roll 0.0 degrees 

(d) Upper Neck Joint (Head Pivot) - Ball Joint 

X x' X t t X' I I 

L 
z z' z I I / z1 I I 

y yl y I I yl I I 

Geometric ref. Joint ref. Joint ref. Geometric ref. 
in neck in neck in head in head 

YPRl: yaw 0.0 degrees YPR2·: yaw 0.0 degrees 

pitch 0.0 degrees pitch 0.0 degrees ... 
roll 0.0 degrees roll 0.0 degrees 
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(e) Left Hip - Euler Joint 

xl X I I XI I I 

([" 
~· ~" ~'" 

Y' ylt y' II ... 

z 

Joint ref. Geometric ref. 
in lower torso in lower torso 

Joint ref. 
in upper leg 

Geometric ref. 
in upper leg 

YPRl: yaw 

pitch 

roll 

-90.0 degrees 

90. 0 degre~.s 

0.0 degrees 

YPR2: yaw 0.0 degrees 

pitch 4.76 degrees 

roll 0.0 degrees 

Note: z' along y because of the pin in the femur 

x 1 along -z because of the slot in the ball 

Center of Symmetry: 

YPR3: precession 27 degrees, soft stop due to flesh, hard stop due to plate 

nutation -70 degrees, hard stop due to slot in ball 

spin - hard stop due to slot in leg bone 

Typical Values: 

precession nutation 

0 -.90 

90 -90 

0 0 

spin 

0 

0 

0 

sitting with leg forward 

standing 

impossible because of slot in ball 

(leg horizontal to the left) 

This representation of the hips as Euler Joints assumes that the axis 

through the leg bone z" coincides with the axis of the pin z 1 at 0 degrees 

nutation, which is incorrect. A more accurate representation would require 

75 



the definition of the Femur Assemblies EOS and E06 as separate segments with 

an Euler Joint at the hip with the s~in axis locked and a pin joint at the leg 

bone; however, this refinement is not deemed necessary. 

(f) Right Hip - Euler Joint 

X I X I I XI I I 

yl yl I 

z 

Joint ref. Geometric Geometric ref. 
in lower torso in lower torso 

Joint ref. 
in upper leg in upper leg 

YPRl: yaw 90.0 degrees YPR2: y~w 0.0 degrees 

pitch 90.0 degrees pitch 4.76 degrees 

roll 0.0 degrees roll 0.0 degrees 

Note: z 1 along y because of the pin in the femur 

X1 along -z because of the slot in the ball 

Center of Symmetry: 

YPR3: precession 27 degrees, soft stop due to flesh, hard stop due to plate 

nutation 70 degrees, hard stop due to slot in ball 

spin - hard stop due to slot in leg bone 

Typical Values: 

precession 

0 

-90 

0 

nutation 

90 

90 

0 

spin 

0 

0 

0 

76 

sitting with leg forward 

standing 

impossible because of slot in ball 

(leg horizontal to the right) 

.. 
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(g) Right Knee, Left Knee - Pin Joints 

X 

z 

y 

Geometric ref. 
in upper leg 

YPRl: yaw 

pitch 

roll 

xl 

~· 
yl 

Joint ref. 
in upper leg 

0.0 degrees 

0.0 degrees 

0.0 degrees 

Center of Symmetry: 

x' I 

zl I 

yll 

I 
I 

! /x"l 
1/" 

~\ .. ~ 
Joint ref. 
in lower leg 

Geometric ref. 
in lower leg 

YPR2: yaw 0.0 degrees 

pitch 43.0 degrees 

roll 0.0 degrees 

Pitch set to 43.0 degrees for center of symmetry. 

Note that since the joint references are illustrated as aligned, the 

lower leg is pitched 43 degrees with respect to the upper leg. (The z axes 

of the geometric reference systems are parallel to the long bones of the legs.) 

(h) Right Ankle, Left Ankle - Euler Joints, Spin Axes Locked 

X X 1 II 

z !.!"' ~" zl II 

y . ylll . 
yl yl I 

Geometric ref. Joint ref. Joint ref. Geometric ref . 
in lower leg . in lower leg in foot in foot 
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YPRl: yaw 90.0 degrees 

pitch 0.0 degrees 

roll -0.6 degrees 

YPR2: yaw 

pitch 

roll 

90.0 degrees 

0.0 degrees 

0.0 degrees 

Note: This representation assumes that the centerline of the pin 

allowing lateral motion of the foot intersects the centerline 

of the ankle pin allowing up-down motion. Positive precession 

characteristics for the left ankle should be like negative 

precession characteristics for the right ankle. 

Center of Symmetry: 

YPR3: precession 0.0 degrees, hard stop due to slot and bolt 

nutation 79.0 degrees, hard stop due to slot and bolt 

spin - axis locked 

~e z axes of the geometric reference systems are parallel to the 

long bones of the legs and the feet. The nutation·axis of the Euler Joint 

(x 1 or x") is the flexure axis of the ankle, normally this is about 90.0 

degrees, note that the center of symmetry for nutation is 79 degrees. 

(i) Left Shoulder - Euler Joint, Spin AXis Locked 

z' z' ' zl I I 

r x' x'' x' I' 

y''' z y' y' ' 

Geometric ref. Joint ref. Joint ref. Geometric ref. 
in upper torso in upper torso in upper arm in upper arm 

YPRl: yaw 0.0 degrees YPR2: yaw 0.0 degrees 

pitch 0.0 degrees pitch 0.0 degrees 

roll 90.0 degrees roll 0.0 degrees 
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Note: This representation ignores the motion of the shoulder yoke C/10 

and the clavicle C/17 . 

Center of Symmetry: 

YPR3: precess.ion 55. 0 degrees, hard stop due to slot· and bolt 

nutation -65.0 degrees, limited by upper torso and clavicle 

spin - permanently locked 

Typical Values: 

precession 

0 

-90 

0 

nutation 

-90 

-90·. 

0 

spin 

0 

0 

0 

arm down along torso, z 11 1 down, 
x 1 1 1 forward 

arm horizontal, z 1 11 forward, 
xl I I up 

arm horizontal, z' 1 1 left, 
x' 1 1 forward 

(j) Right Shoulder - Euler Joint, Spin Axis Locked 

z 

Geometric ref. 
in upper torso 

YPRl: yaw 

pitch 

roll 

y' 

xl 

z' 

Joint ref. 
in uppe-r torso 

0.0 degrees 

0.0 degrees 

-90.0 degrees 

y' ' y"l 

X I I X I I I 

z' I zl I I 

Joint ref. 
in upper arm 

Geometric ref. 
in lower arm 

YPR2: yaw 

pitch 

roll 

0.0 degrees 

0.0 degrees 

0.0 degrees 

Note: This representation ignores the motion of the shoulder yoke C/10 

and the clavicle C/17. 
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Center of Symmetry: 

YPR3: precession 55.0 degrees, hard stop due to slot and bolt 

nutation 65.0 degrees, limited by upper torso and clavicle 

spin - permanently locked 

Typical Values: 

precession nutation spin 

0 90 0 arm down along torso, z I I I 

XI I I forward 
down, 

90 90 0 arm horizontal, z I I I forward, 
x"l up 

0 0 0 arm horizontal, z I I I right, 
XI I I forward 

(k) Right Elbow, Left Elbow - Euler Joints, Spin Axes Locked 

X 

z 

y 

~· 
~.· I 

y' 

~II 
; .. I 

yt I 

yl I I 

XI I I 

z I II 

Geometric ref. 
in upper arm 

Joint ref. 
in upper arm 

Joint ref. 
in lower arm 

Geometric ref. 
in lower arm 

YPRl: yaw 

pitch 

roll 

90.0 degrees 

0.0 degrees 

0.0 degrees 

Center of Symmetry: 

YPR2: yaw 

pitch 

roll 

90.0 degrees 

o;o degrees 

0.0 degrees 

YPR3: precession -8.0 degrees, hard stop due to slot and bolt 

nutation 70.0 degrees, hard stop due to slot and bolt 

spin - axis locked 
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The z axes of the geometric reference systems are parallel to the 

long bones in the arms. The nutation axis of the Euler Joint (x' or x'') is 

the flexure axis of the elbow . 

3.3 Analytical Model of Neck Using Two Joints 

Dynamic resonance tests were performed on the neck to estimate the 

spring and viscous parameters for use in the CVS program. The neck is modeled 

as a single rigid segment connected to the head and the torso by ball joints. 

To model the behavior of such a system consider the system shown in Figure 3-1. 

Figure 3-1 TWO-JOINT MODEL OF THE NECK 

where: r 1 = distance from head-neck joint to e.g. of head, 

r 2 =distance from head-neck pivot to neck-torso pivot (neck length), 

m1, m2 = mass of head and neck, respectiv.ely, 

11, 12 = respective inertias about e.g. of segments, 

k = linear spring coefficient, 

v = linear viscous coefficient, 

~1 • 9~ = respective angular displacements-from vertical of the head 

pivot and neck pivot joints. 
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The linearized_equations of motion of this sytem, ignoring gravity 

and the centrifugal forces are: 

where: 

•• ., 
Ill 61 + Il2 62 = k(62 -.. .. 
Il2 61 + I22 62 = -k(262 

Ill Il + 
2 

= ml(rl) 

= m1r 1r 2cos(e2 - e1) 

2 
= r2 + 0.2Srn2 (r

2
) + 

. . 
61) + v(~2 61) (3.1) . • 

61) - v(2e 2 - e 1) 

Although this is a fourth-order system, the response to an initial angular 

displacement may be approximated by considering only the dominant mode of· 

oscillation. This response is given by the equation: 

where: 

-at a . . ] 61 (t) = 60e [cos(bt) + b Sin(bt) 

v 
a = 2f 

2 k 2 
b =-- a 

I 

I = Ill + Il2 + 0 • 5 I22 + ,{cill + I12)
2 

+ CI12 + 0 • 5 I22)
2 

eo = initial angular displacement of the head. 

(3.2) 

The response as given by equation 3.2 is a damped sinusoid. The 

value of a and b may be estimated from the experimental data by measuring the 

frequency and the amplitudes of the peaks. The peaks (positive and negative) 

occur when bt = k~ and a is proportional to the logarithm of the ratio of the 

peaks, i. e. , 

a= ~A(-2-) 
~ ·pk+l 
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The numerical data used in the computations is: 

r 1 = ,Jco.37) 2 
+ (1.39)

2 
= 1.438 inches 

r2 = 4.37 inches 

ml = 9.67 lbs. 

m2 = 1. ~2 lbs. 

Il 0.2562 lb-in-sec 
2 = 

12 0.01179 lb-in-sec 2 = 

Using this data the value of I is computed as 1.3445 lb-in-sec2 . 

From the experimental data the frequency was estimated as 5.656 ·Hertz and the 

peak amplitudes were as follows; 

k Eeak amEli tude ratio 

0 20.0 
1.408 

1 14.2 
1.352 

2 10.5 
1.312 

3 8.0 
1.454 

4 5.5 
1.375 

5 4.0 

AVERAGE RATIO 1.380 

Using the numerical data in the formulas yields the estimates: 

b = 2(5.656)~ = 35.538 

a = 2(5.656)lh(l.380) = 3.6434 

v = 0.171 in-lb per degree per second 

k = 29.95 in-lb per degree 
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3.4 Estimate of the Flexure Spring Function for the Lumbar Spine 

Static loading tests of the lumbar spine are described in Section 2.3.8, 

and the results are plotted in Figure 2.27. Representing the spine as a s~ngle 

segment connected to the upper torso and to the lower torso by ball joints, the 

geometry of the system is illustrated in Figure 3.2 below. 

JOINT I 
(P) 

JoiNT Z. 
(W) 

PENDULUM 19X:/S 

~.PElf lbRSO e.G, 
---~r: 

Figure 3-2 TWO-JOINT MODEL OF THE SPINE 

where: c = distance between joint 1 and joint 2 (length of spine) 

b = vertical distance from joint 2 to e.g. of upper torso 

a = horizontal distance from joint 2 to e.g. of upper torso 

w1 = weight of spine 

w2 = weight of upper torso 

61 = angle at joint 1 

62 = angle at joint 2 

F = measured force (horizontal and through e.g. of upper torso). 

The static balance equations of the system are: 

T1 = -aw2 + (w2+ o:sw1)c sin 62 + F(b + c cos 62) 

T2 = -aw2. + bF 
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It is reasonable to assume that the characteristics at each of the joints are 
' the same .. It is also assumed that the torque versus angle relation of each of 

the joints can be expressed as a cubic-function of the angle as follows: 

T(e) = 2 3 
A1e + A2e + A3e 

In t~e experiment the force F required to hold the torso was measured as a 

function of the total flexure angle e where: 

The angle e0 is introduced in this expression to account for the fact that the 

angle e was set to zero when the force was zero. 

Using the experimental data of F versus e, the values of-the coefficients, 

Aj, were determined by a least square fit procedure for four cases. The results 

are given below. 

C 0 E F F I C I E N T 

Case 
No. 

Al 
in-lb/rad. 

A2 

in-lb/rad.
2 

A3 

in-lb/rad. 3 

1 

2 

3 

4 

(Cubic fit to all of the data) 

(Linear fit to all of the data) 

(Cubic fit to positive data only) 

(Linear fit to positive data only) 

1175 

1205 

1198 

1526 

3.5 Dynamic Torsion Model of the Neck or Spine 

985 

0 

1014 

0 

1435 

0 

1035 

0 

Section 2.3.7 describes torsional tests of the neck and the results 

are tabulated in Table 2.3. Consider the sketch of the test setup shown in 

Figure 3-3 below where the neck is modeled as a rigid body with two joints. 
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Figure3-3 MODEL.OF DYNAMIC NECK TORSION TEST 

The torsional equations of motion for this system are: 

where: Il = inertia of the neck 

I2 = inertia of the fixture 

61 = angle of the rigid neck 

62 = angle of the fixture 

k = torsional spring constant at the joints 

v = viscous constant at the joints 

The characteristic equation of this linearized system is· a quartic which may 

be factored into the two quadratics: 

2 (sv + k) s + I· 
2 + (sv + k) I s 

Ili2 

where: I r2 + O.SI1 +~I22 + 2 
= (O.SI1) 
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When the inertia of the neck is small compared to the inertia,of the 

fixture, the value of I is approximately twice the inertia of the fixture and 

the dominant mode of oscillation is given by the first of the two quadratics 

above. The values of k and v may be estimated from the formulas: 

k = I (2'1Tf)
2 

v = 4Idf 

where: d = amplitude decay factor = natural logarithm of the ratio of successive 

peaks 

f = oscillation frequency 

Using the experimentally measured values shown in Table 2-3, the values of k and 

v are: 

Fixture Inertia 
2 

lb-in-sec 

0.183 

0.810 

1.437 

f 

Hertz 

10.5 

4.7 

3.2 

d 

0.36 

0.29 

0.29 

k 

lb-in/radian 

1593 

1413 

1162 

v 

lb-in-sec/radian 

5.5 

8.8 

10.7 

Since the inertia of the head about the z axis was measured as 0.164, the values 

calculated from the data obtained with the smallest fixture inertia (i.e., 0.183 

lb-in-sec2) are perhaps the best to use for the model. The large variation of 

these results suggests that the neck cannot be simply modeled as a rigid body 

with two joints having linear characteristics. 
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4.0 SUBSYSTEMS TESTS AND SIMULATIONS 

The predictive capability of the CVS computer program was first 

investigated by simulating dyn~mic pendulum impact tests performed on the 

head/neck and the upper torso/lower torso subassemblies of the dummy. The 

program subroutines associated with the computation of forces produced from 

contacts with an air bag were also checked in simulations of static tests of 

a small pre-inflated air bag of ellipsoidal shape. In this section, the 

various tests are briefly described and results from simulations of these 

relatively simple physical systems are presented for comparison with measured 

responses. 

4.1 Head/Neck Pendulum Impact 

4.1.1 Description of Tests 

Dynamic tests of the dummy head/neck subassembly were performed with 

the compound pendulum impact apparatus us~d for determining compliance of the 

head response with FMVSS 208 Part 572 requirements. A sketch of the test 

configuration showing the principal components and dimensions is given in 

Figure 4-1. In the physical ~xperiment, the pendulum was released from a 

pre-determined height so as to achieve the desired velocity upon contact with 

the honeycomb arresting block: Crushing of the honeycomb absorbed-most of the 

system energy as the pendulum was stopped and then moved in the reverse direction 

slightly during unloading of the honeycomb. The head/neck assembly, however, 

continued to swing forward and backward in an arc which resulted in multiple 

load/unload cycles of the pendulum against the crushed face of the honeycomb. 

The test matrix included replicate tests with the head oriented ·at 

0 (facing forward), 45, 90 and 180 degrees. The pendulum impact velocity was 

nominally 23 ft./sec. for most of the tests, but response data for the zero 

degree head orientation were also obtained in impacts at 14.9 ft./sec. Data 
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recorded in the tests included time histories of the pendulum X component of 

linear acceleration, honeycomb reaction force, X, Y and Z components of head 

acceleration and the head motion as measured by the ~. e and radius potentio­

meters illustrated in Figure 2-23. Typical data from tests performed with the 

head oriented at the various angles are contained in Appendix A. The motion 

of the head in these tests may be seen in the photographs of Figure 4-2 which 

were obtained with a sequence camera. 

4.1.2 Simulation of Tests 

The purpose of the CVS simu~ations of the head-neck pendulum tests 

was to verify the measured parameters of the head-neck configuration and the 

modelling assumptions used to simulate the rubber neck structure of the Part 

572 dummy.' The program input required to simulate the head-neck pendulum test 

can be divided into four categories: 

1) Control Information 

• Date, run number, and identification. 

• Time duration and integrator controls to produce a simulation 

time of 120 msec. 

• Basic configuration of 3 segments, 3 joints and no vehicle 

deceleration. 

• Segment symmetry input to restrict all motion to X-Z plane. 

• Tabular time history control of angular acceleration, velocity 

and position of all 3 segments, and of joint parameters for 

all 3 joints. 

2) Measured experimental geometrical data 

• One plane surface input describing contact surface .of honeycomb 

structure such that initial contact occurs when the pendulum is 

in its vertical·position. 

• Honeycomb force deflection function. 
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• One segment-plane contact between the pendulum segment and 

honeycomb plane. 

• Initial conditions for zero time (pendulum in vertical position) 

assuming inertial origin is at pendulum pivot point requires 

Z-component of linear position and X-component of linear 

velocity for the pendulum (reference s~grnent), 180 degree 

roll for the neck and head, and Y-component of angular velocity 

of all 3 segments. All other values are zero. 

• Tabular time history control of linear acceleration, vel?city 

and position of the accelerometer on the pendulum, and neck 

e.g. and of the accelerometer in the head. 

3) Measured experimental data of dummy segments 

• Segment weights, moments of inertia, contact ellipsoid 

semiaxes and center locations. 

• Joint location and angular orientation with respect to adjacent 

s_egments. 

4) Variable or unmeasurable experimental data to be determined 

• Joint flexural and torsional spring characteristics. 

• Joint viscous characteristics. 

• Coefficient of friction of pendulum against honeycomb 

structure. 

• Rand G factors.controlling the unloading and reloading 

characteristics of the force-deflection for the pendulum and 

honeycomb structure. 

Two types of simulations were performed. The first were full-drop 

simulations where time zero represents initial release of the pendulum. 

These require a simulation time of 750 to 1250 msec·, depending on the drop 

height and resulting striking velocity, of which only about the final 150 

msec are of primary interest. The second type were simulation of only the 

. impact phase where time zero i.s the t.ime of initial impact of the pendulum 
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against the aluminum honeycomb. Most of the initial input parameters for the 

second type were determined from the geometry of the test apparatus. However, 

the full-drop simulations were used to determine the relative angula: orientation 

and velocity of the head and neck with respect to the pendulum at initial impact. 

For the pendulum itself, the initial angular orientation is determined by the 

geometry of the test apparatus and the initial striking velocity is obtained 

experimentally by measuring the time necessary for the pendulum accelerometer 

to traverse a fixed distance just prior to impact. The full-drop simulations 

showed that the increase in velocity while traversing this small fixed distance 

was about 2 in./sec. 

It was discovered that the time to impact and the initial striking 

velocity could be varied consilf.erably by changing the joint viscous coefficient 

of the pendulum pivot. The value used in early simulations was found to be too 

high and hence was reduced by a factor of 10 as a result of full-drop simulations·. 

All further simulations were of the shorter-impact-only type, where 

time zero represents the time of initial impact. The inputs to these simulations 

fall into various categories as follows: 

1. The geometry of the test apparatus as depicted in Figure 4-1. 

The initial pitch of the pendulum was determined (both analytically 

and experimentally) to be 2.7°. 

2. The initial segment orientations and velocities determined from 

the experimentally-measured striking velocity and from the full­

drop simulations. 

3. The force-deflection characteristics of the aluminum .honeycomb 

decelerator. The initial loading and assumed con~tant force vs. 

deflection portions were determined from the graphical output of 

the component tests. The abrupt unloading and reloading charac­

teristics, the. R ·(energy absorption) and G (deflection) factors, 
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are difficult to measure experimentally and, therefore, were 

examined in the matrix of simulation runs performed. 

4. The characteristics of the head and neck segments consisting of: 

a) Those that can be measured experimentally and 

b) Those modeling assumptions to simulate the rubber neck 

structure. 

Several simulations were run to establish t~e proper values of the 

R (energy absorption) and G (deflection) factors to define the unloading force­

deflection function used for the pendulum contact with the aluminum honeycomb. 

The CVS program is based on the assumption that this unloading function is a 

non-negative, concave quadratic between the point of maximum delfection, d , · max 
and the point of complete unloading, d , determined by R and G. Inconsistent g 
input values for R and G can cause this unloading function to default to a 

straight line between d and d. or a quadratic with zero slope at d . In max g g 
both cases the value of G is preserved, but the value of R may be changed (higher 

or lower) from that specified by input. 

For simulations of tests performed at a pendulum impact velocity of 

23 ft./sec., an input value of R = 0.01 constrained the value of G to lie 

between 0.973 for a zero slope quadratic and 0.982 for the straight line to 

satisfy the value of R. CVS simulations produced highly non-linear variations 

of the resulting impact force of the pendulum against the honeycomb structure 

for varying values of the G factor within this tight range. 

Results of computer simulations are presented in Figure 4-3 where 

they are compared with responses measured in a test with the head oriented at 

zero degrees (see Figure 4-2 and Appendix A). Figur.e 4-3 (a) presents plots of 

the pendulum force exerted upon the aluminum honeycomb.in the experimental 

component test and for simulations. that used values of 0.970, 0.973 and 0.982 

for the G factor.· Figure 4-3(b) presents a comparison of experimental and 
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simulation results (with.G = 0.970) for the pendulum·x acceleration. The 400 

Hertz oscillation that may be noted in the first 30 milliseconds of the experi­

mental data is probably due to a mechanical oscillation of the test apparatus 

which was not modeled, hence does not appear in the simulations which had a 

load linii t of about 800 pounds for the honeycomb. The 100 Hertz oscillation 

that appears in the experimental data is due to the mechanical vibration of 

the six foot pendulum. The simulation treated the pendulum as a rigid body so 

this vibration did not occur in the simulations. 

Figure 4-3(c) compares the experimental and simulated X and Z components 

of head acceleration, and Figure 4-3(d) presents the relative pitch of the neck 

with respect to the pendulum, the head to the neck and the head to the pendulum. 

An examination of these figures shows some differences between the measured and 

simulated head and neck motions. Part of this difference is undoubtedly due to 

improper modeling assumptions for the rubber neck structure of the Part 572 

dummy, i.e., the rubber neck is modeled as a single rigid segment with ball 

joints connecting it to the head and upper torso. Another part of the difference 

in Figure 4-3(d) is because of a difference .in the geometry of the instrumenta­

tion and the simulation, i.e., the angles a and$ (illustrated in Figure 2-23) 

· are not precisely the same as the angles between the head and the neck and 

between the neck and the torso for the single segment,. two-joint rigid body 

model of the neck used in the simulation. 
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4.2 Torso Pendulum Impact 

4. 2.1 Descri~tion of Tests 

The methodology and apparatus for measurement of the torso response 

as influenced by the dynamic flexion behavior of the lumbar spine was similar 

to that used for the head/neck tests. The test configuration consisted of the 

upper torso, lower torso (including the abdominal insert) and part of the upper 

legs mounted in an inverted position on an aluminum adapter plate attached to 

the lower end of the pendulum. The lower torso was rigidly fastened to the 

adapter plate with bolts through the end of bo'th femur· shafts and at the attach­

ment to the pelvis ac'celerometer cavity flange. The hip joints were also 

tightened to further prevent movement of the lower torso \vhich could influence 

the motion of the upper torso. The abdominal insert was secured with a small 

cord to maintain it properly position~d in the lower torso. The test configuration 

is shown in the photographs of Figure 4-4 and dimensional information is given 

in Figure 4-5. 

Figure· 4-4 TORSO PENDULUM IMPACT TEST APPARATUS 
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Data measured in the t~sts included the pendulum acceleration, 

honeycomb energy absorber reaction force, X., Y and Z components of the upper 

torso acceleration, and the motion of the upper torso relative to the pendulum 

.. 

measured by the 8 and .j> rotary potentiorreters and another linear potentiometer ... 

that recorded changes of the distance between the rotary potentiometers. 

Replicate tests were performed at each of three nominal impact velocities 

(7, 12 and 13.5 ft./sec.) obtained by varying the height from which the pendulum 

was released.* The motion of the torso during impact of the pendulum at a 

velocity of 13.6 ft./sec. is shown in the sequence photos of Figure 4-6. 

' I 

I 

I 

' I 

Figure 4-6 UPPER TORSO FLEXION DURING PENDULUM IMPACT AT 13~6 FT./SEC. 

A second series of dynamic torso tests was performed in which the 

rubber lumbar spine ~as replaced with a tubular steel member of the same size 

and which was provided with a single pin joint at the midpoint. Thus, in 

contrast with the rubber spine, the location of the spine joint was accurately 

*Different honeycomb configurations we;re also used for each group of tests to 
acconunodate the different energy absorption requirements, 
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known and remained fixed in these tests which facilitated modeling of the 

physical system. The pin-joint spine was slightly heavier (4.25 lb.). than the 

rubber spine and permitted the upper torso to rotate up to 76 and 81 degrees 

in flexion and hyperextension, respectively, before engaging hard metal-to­

metal stops. 

. Responses measu~ed in the torso pendulum impact tests are presented 

in the following subsections where they are compared with results obtained from 

computer simulations of the experiments. 

4.2.2 Simulations of Tests with Rubber Spine 

To simulate the tors9. pendulum tests using the CVS program the model 

illustrated in Figure 4-7 was used. 

Contact 
Sphere 

Joint 1 

Joint 2 

4 

. I ~ontact 
~lane 

Friction Plane 

3 

Figure 4-7 MODEL OF TORSO-PENDULUM TEST 
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. ., 

Joint 

1 
2 
3 
4 

The model consists of four segments and four joints where: 

Segment 

1 
2 
3 
4 

Pendulum 
Lower Torso 
Center Torso (Lumbar Spine) 
Upper Torso 

Connects Lower Torso to Pendulum, a locked joint 
Connects Lower Torso to Center Torso 
Connects Center Torso to Upper Torso 
Connects Pendulum to inertial reference, a pinned joint 

A sphere with a radius of 2.5 inches was ·attached to the pendulum 

and allowed to contact a plane attached to inertial reference. A force-deflection 

characteristic based on the measured characteristics of t~ honeycomb material 

was assigned to this contact. An R (energy absorption) factor of 0.01, a G 

(deflection) factor of 0.954, and a friction coefficient of 0.25 were used. 

The characteristics of the honeycomb are plo~ted in Figure 4-8. 

The success of the simulation is dependent on the proper modeling of 

the lumbar spine which is a flexible rubber cylinder about 3 inches in diameter 

and 5.4 inches long. It was modeled by two joints located equidistant from 

the geometric center of the spine segment and having identical. characteristics. 

In the sequence of simulations that were performed several runs were made to 

determine an appropriate value of the linear spring constant. In the tests 

the total angular motion of the upper torso had a magnitude of 60° and a 

period of about.l/2 second. These values are directly·related to the spring 

constant. Increasing the spring constant will decrease the magnitude and 

shorten the period. For a simple oscillation we have 9 + (k/~)9 = 0 where k 

is the spring constant arid ~ is the inertia. The solution for an initial 

angular velocity of 90.is: 
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6 = 

where n = ,[kfi 

Thus, one would expect the magnitude and the period to vary as 1/~ A small · 

amount of viscous damping and coulomb friction was assumed. 

Initial Conditions 

Initially all segments were pitched -54° with zero velocity. The 

system then was allowed to swing about the pivot. Contact with the honeycomb 

occurred when the pendulum (segment 1) was pitched -2.6° at a ti~e of 747 

ms. If there were no such co~~act, zero pitch would h~ve occurred at "750 ms. 

This may be calculated by considering the equation of a pendulum. 

where 

2 .• 
(~ + mr ) e = -mrg sin 6 

~ .inertia 

m mass 

r position of cg relative to pivot 

g gravity 

The solution of this equation is an elliptic function. The period 

T is given by the equation:· 

fTr/2 
d<P 

T 1 ) 2 e 2 = Q sin 1 - sin 0 ~ 
0 2 

where e is the initial angle and 
0 

=J ~ mrg 
n 2 

+ mr 
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The four -segment model has the following values·. 

w = mg = 180,37 lbs. 

~ = 389.55 lb-in-sec
2 

r = 62.60 in. 

6 = 54° 
0 

Thus, n = 2.2549 rad/sec 

K = 1.663 (from tables of Elliptic Integrals) 

T = K/n = 738 ms. 

The computer run had a value of 750 ms. The difference is due to the fact 

that the simulation model is a compound pendulum. The position and velocity 

of the segments at 740 ms '(just prior to impact) were used as. initial conditions 

for the subsequent parameter studies. All of the model input. values are give~ 

in the computer printout presented in Appendix B. 

Discussion of Results 

The following experimental measurements are compared to the simulation 

results in Figure 4-9 through 4-14: 

1 Load cell force 

2 Pendulum x acceleration 

3 Chest X acceleration 

4 Chest ~ acceleration 

5 .Total angle of chest (upper torso) relative to pendulum 

The following points are worth noting in these figures: 

• Figure 4-9 -.Load Cell Force for Runs 16 and 17 
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G (deflection) factors of 0.954 and 0.934 were used in Runs 16 and 

17, all other parameters were the same. Note the difference in timing of the 

first rebound. Run 16 peaked at 108 ms. and run 17 at 118 ms. A change in 

G affects the loading and unloading behavior of the force deflection function 

used to approximate the honeycomb. 

The most obvious discrepancy is the magnitude of the peaks which is 

about 700 lbs. for the predictions compared to 300 lbs. in the experiment. 

It was obvious that there was some energy loss that we were not representing 

in the simulation. To simulate an additional loss of energy, a friction plane 

which would contact the sphere attached to the pendulum was added to the 

model. This contact was specified to have a constant normal force of 0.01 lbs . . 
and a friction coefficient of.~OOOO to produce a friction force of 100 lbs. 

The results af two simulation runs (Runs 24 and 25) are discussed in the 

e~suing paragraphs. 

• Figure 4-10 - Load Cell Force for Runs 24 and 25 

Run 24 used a force-deflection function for the honeycomb that 

produced a constant force of 1060 lbs. This combined with the 100 lbs. 

friction produced a total deceleration force of 1160 lbs. 

The force-deflection function used for Run 25 was modified by 

subtracting 100 lbs. from the constant portion of the function to produce a 

total force of 1060 lbs. 

Note t~at the magnitudes of the first rebound peak in these runs are 

more in agreement with the experiment than the results of earlier simulations. 

· The timing is better for Run 25 than it is for Run 24. However, the second 

rebound which occurs at 180 ms. and the third rebound which occurs at 230 ms. 

are not simulated. The factor controlling the timing of these rebounds is not 

known, but it appears that the length of the center torso tsegment '3) may have 

a significant effect since the high frequency mode of oscillation of the compound 

pendulum will be most airectly affected by the length. 
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Figure 4-9 LOAD CELL FORCE COMPARISON FOR SIMULATION RUNS 16 AND 17 
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Figure 4-10 LOAD CELL FORCE COMPARISON FOR SIMULATION RUNS 24 AND 25 
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Although this friction absorbed approximately the correct amount 

of energy we are not sure that it is the explanation. If it were truly a 

friction component normal to the surface of the honeycomb caused by the 

pendulum contacting the deformed side surfaces of the honeycomb, it should 

produce a negative force at the load cell when the pendulum is moving out of 

the huneycomb. This is not apparent in the experimental results. 

• Figure 4-11 - Pendulum X Acceleration for Runs 24 and 25 

The most noticeable difference between the runs is the timing of the 

first unloading (at about SO ms.). Run 25 is better tha~Run .. 24, but neither 

of the simulations showed the high frequency oscillation that is apparent in 

the exper~mental data. This is to be expected since it is believed that this 

oscillation is the first bending-mode of the pendulum which is not modeled in 

the simulations where the pendulum_ is considered a rigid body. 

• Figure 4-12 - Chest X Acceleration for Runs 24 and 25 

The results for these runs are essentially.identical on this plot. 

The high frequency oscillation in the first 40 ms. of the experimental data 

is thought to be due to a resonance in the chest cavity of the dummy. 

It is apparent that the experimental results between 30 and 70 ms., 

0-70 ms. and after 140 ms. are not simulated properly. The reason for this 

is not known, but it may be related to the length of the center torso. 

• Figure 4-13 - Chest Z Acceleration for Runs 24 and 25 

Oscillation in the chest cavity is very noticeable at the start of 

this plot. In the 40 to 70 ms. interval, Run 25 is definitely better than 

Run 24. From 100 to 180 ms. the simulation is in excellent agreement with the 

experiment. The reason for the discrepancy in the interval between 70 and 100 

ms. and also beyond-180 ms. is not known. 
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Figure 4-11 PENDULUM X ACCELERATION 
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• Figure 4-14 - Total Angle Chest Relative to Pendulum for Runs 24 and 25 

The agreement between the experiment and the simulations is quite 

good. There is no appreciable difference in the two runs. Perhaps an even 

better correlation could be achieved by tuning the spring constant, the viscous 

friction and the coulomb friction at the joints. 

Examination of the first 40 ms. shows the existence of a higher mode 

of oscillation in the experiment that does not appear in the simulation. This 

may be affected by the lerigth of the center torso or may be an indication 

that the center torso must be modeled with more than one segment and two joints. 

4.2.3 Simulation of Tests With· Single Pin Spine 

Although data were obtained in tests of the pin joint spine at three 

different pendulum impact speeds (4, 6.5 and 8.1 ft./sec.), only the 6.5 ft./sec. 

velocity test condition was simulated with the CVS in a series of eight computer 

runs. The model and values of the input parameters used to characterize the 

physical system were developed by a researcher independent of those who 

simulated the tests of the torso with the rubber spine. Hence, even though the 

test hardware, except for the dummy spine, was the same for all tests, the inputs 

for the simulation runs differ due to differences in certain assumptions that 

were necessary in modeling the system. For example, computations of the inertial 

properties of the pendulum to correct for hardware added for mounting the dummy, 

and of the lower torso segment to account for the effects of including part of 

the upper legs, involved assumptions that could lead to different values of the 

input parameters by the different investigators .. · 

The test configuration was modeled as a system of thxee segments and 

three joints for all but the last computer run as follows: 
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Figure 4-14 TOTAL CHEST ANGLE RELATIVE TO PENDULUM 
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SEGMENT JOINT 

1 Pendulum 

2 Lower torso 

3 Upper torso 

1 Locked pin joint connecting lower torso to pendulum 

2 Pin joint connecting upper and lower torsos 

3 Pin joint connecting pendulum to ground 

In t~e final simulation, an additional segment of negligible mass was connected 

to the upper torso via a locked pin joint. This segment was used to permit 

monitoring of the upper torso linear accelerations along the same axes as the 

X and Z accelerometers installed in the dummy chest which, due to the tiesign 

of the dummy, actually are rotated (pitched) about six degrees with respect to 

the upper torso geometric reference axes. The pendulum pivot was assumed to 

have zero rotational resistance. Data from the static test of the dummy with 

the pin joint spine (Figure 2-28) were used to define certain of the inputs for 

the model, but the values of some of the joint parameters were assumed. 

For example, a soft joint stop· ·was assumed to be engaged at 40 degrees of 

flexion so the resistive torque increased to 1000 in.-lb. at 60 degrees with 

84 percent energy dissipation during unloading. All of the inputs for a 

typical simulation run are given in Appendix C. 

The first few computer runs were concerned mainly with simulating the 

dynamics of the system during the free fall of the pendulum prior to impact. 

Results of two of the simulations are presented in Table 4-1 for comparison 

with measured test data. As may be seen from the table, the responses obtained 

in simulation run No. 4 show very good correlation with the experimental data. 

TABLE 4-1 

SUMMARY OF MEASURED AND SIMULATED RESPONSES 
PRIOR TO IMPACT OF TORSO Pfu~DULUM SYSTEM 

TEST NO .. SIMULATION RUN NO. 

PARAMETER 

Time to impact, msec. 

Max. spine rearward flexion, deg. 

Spine flexion angle at impact, 
deg. 

Upper torso angular velocity at 
impact, deg./sec. 

18 

706 

(- )25 

6 

157 

117 

19 2 4 

706 708 . 704 

(-) 31.5 . C-)5.4 (-) 30.8 

(-)0.5 (-)4.2 (- )1 

153 4.6 155 



The improved predictions of Run No. 4 over those of Run No. 2 resulted from the 

following changes of inputs: . 

(1) The viscous coefficient of the spine pin joint was changed from 

1 in.-lb/deg./sec. in Run No. 2 to zero for Run No. 4. 

(2) The linear spring coefficient of the spine pin joint was decreased 

from 8.25 in.-lb./deg. in Run No. 2 to zero for Run No. 4. 

(3) The initial pitch angle of the upper torso with resp~ct to the 

lower torso was changed from zero in Run No. 2 to 11. degrees 

(pitched forward) for Run No. 4 which was the initial angle 

recorded in test 18. 

Thus, except for an assumed coulomb friction of 10 in.-lb., the ·pin joint as 

simulated in Run ~o. 4 developed no other resistive torque. However, this is 

not an altogether unreasonable representation of the dummy spine in this instance 

for which the motion of the upper torso is predominantly in the hyperextension 

(i.e. rearwar~) range. Unlike the case of forward flexion where the effective 

resisti~e torque of the joint results primarily from squeezing of the abdominal 

insert between the upper and lower torso segments, there is little or no such 

interference between segments during rearward rotation of the upper torso. 
. . 

Since the CVS model is based on the assumption of symmetry of the joint 

torque characteristics as a function of the flexure angle, simulation of both 

the pre- and post-impact phases of the experiment in a single computer run would 

not be expected ~o show as good overall agreement with the measured test responses 

as when simulated separately using the joint prop~rties more appropriate to 

each phase. 

Results of three simulations of the system dynamics after contact of 

the pendulum with the honeycomb energy absor~er are displayed in Figure. 4-15 

together with the measured responses. It is well to point out that.Runs 5 and 

8 simulated only the portion of the test subsequent to impact of the pendulum 
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(a) PENDULUM FORCE 
Figure 4- 15 COMPARISON OF SIMULATED AND MEASURED RESPONSES FOR PENDULUM TEST OF DUMMY TORSO WITH PIN .JOINT SPINE 
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with th·e energy absorber whereas Run 2 also included the free-fall phase of the 

pendulum. Since, as discussed earlier, the con.litions at the time of impact 

were not predicted very accurately in Run No. 2, the correlation with the-post­

impact test data is not as good as the results obtained in the other two 

simulation runs. For Run No. 5, the values of the upper torso angle and angular 

velocity at" the time of impact measured in test No. 18 (see Table 4-1) were 

input to the model. Compared to Run No. 2, the two most notable effects of 

these changes (and the change of the spine joint viscous coefficient from 1.0 

to 0.0) were: (1) greatly improved agreement between the predicted and measured 

time histories of the upper torso angle (Figure 4-15 (f)), and (2) secondary 

impact of the pendulum with the energy absorber occurred earlier (Figure 4-15 

(a) ). Although the test data indicate that the pendulum also reloaded the 

energy absorber at about t = 100 msec, the recontact was not simulated well 

by the model since the predicted force level not only was too large but also 

now occurred too early. 

The inputs to the model for Run No. 8, listed in Appendix C, included 

the following changes from values used for Run No. 5: 

Parameter Run No. 5 Run No. 8 

Energy absorber recovered energy factor "R" 0.001 0.01 

Energy absorber permanent set factor "G" 0.975 0.92 

Spine joint stop energy dissipation coefficient 0.84 0.45 

Spine joint initial flexion angle -6°(1IT fw'd) 00 

Orientat"ion of chest accelerometer axes ao -60 Pitch 

As may be seen "in Figure 4-15(a),the timing of the second contact of 

the pendulum with the honeycomb energy absorber is much better but the force 

pulse is still too high in magnitude and of too short duration. In terms of 

the pendulum accelerat~on, however, the effect of the difference between the 

predicted and measured forces is less obvious. It is of interest to note that 
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the reloading of the pendulum is clearly reflected in the Z component of the 

predicted dummy chest acceleration but is much less discernible in the experi­

mental results which show a high frequency oscillation supe~imposed on the 

basic acceleration response. In general, the correlation between the predicted 

and measured chest Z accelerations is not as good in Run No. 8 as in the 

previous simulations. However, the X component of the chest acceleration agrees 

much more closely with the experimental data, particularly during the first 

110 milliseconds when the· acceleration initially is slightly positive and then 

reverses sign. The reduction of the predicted chest X acceleration at t = 

140 msec. results from the small value assumed for the energy dissipation 

coefficient of the spine joint which reduced the torque sharply upon unloading 

of the joint stop. 

The predicted maximum"flexion of the spine pivot in Run No. 8 was 

about 7 degrees more than that measured in the test but the time at which the 

pitch angle of the upper torso returned to zero was in better agreement for 

Run No. 8 than for the other simulations. Since the angle of the torso at 

impact_ of.the pendulum was zero for Run No. 8, compared to 6 degrees in Run 

No. 5, the resistive torque at a given time was less and the soft joint stop 

was engaged later in Run No. 8. As a result, the maximum pitch angle and the 

time at which it occurred were increased slightly in Run No. 8. 

Better overall agreement with the experimental results could probably 

be achieved by changing the values of the various input parameters for the 

spine joint torque characteristics. For example, decreasing the flexure angle 

at which the joint stop is engaged would reduce the overshoot of the torso 

pitch angle since higher torques would be generated earlier. Moreover, para­

meters could be adjusted so that energy would be dissipated during unloading 

to cause the upper torso to return to zero pitch angle at the proper rate. 

However, further simulations were not deemed warranted in view of the limited 

information that was available for estimating the effective torque characteristics 

of the spine over the range of flexion angle that occurred in the dynamic tests. 
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4 .. 3 Simulation of Air Bag Static Tests 

Several static tests of a specially designed pre-inflated air bag 

were performed to provide data for checking the CVS program algorithms used 

to calculate the bag shape, pressure and force resulting from contact by an 

object. The bag was designed as an ellipsoid having semi-axes 10 in., 10 in. 

and 15 in. long, which resulted in a bag volume· of 6283 in3 (3.64 ft 3). The 

bag·was fabricated from 24 warp by 24 fill, 1/4 in. ripstop neoprene coated 
. . 

nylon.· A meteorological weather balloon was used as a liner to pre-inflate 

the bag and to prevent any leakage of air through the fabric or seams. 

Data were obtained for two bag contact configurations. In the first, 

a 6.5 in. diameter hemispherical penetrator'was pressed into the bag along a · 

vertical minor semi-axis and the bag was supported by a flat reaction surface. 

For the second loading configuration, illustrated in Figure 4-16, the b~g was 

centrally supported by an 8 in. diameter hemispherical penetrator and again 

was loaded by forcing an identical penetrator into the top of the bag along 

the vertical minor axis. The force and the bag pressure were recorded as the 

upper penetrator was moved downward in 0.5 in. increments to a maximum stroke 

of 6 inches. It should be noted that, because of the symmetry of this con-

figuration, the penetrations of the hemispheres into the bag were always equal. 

Hence, the maximum bag penetration by each contacting surface was 3 inches. 

Experimental and simulation results for the test of the first con-. . 
figuration (flat reaction surface) in which the bag was initially inflated to 

a pressure of 0.31 psi are presented in Figure 4-17 for comparison .. The curves 

of the experimental volume change and the force predicted by the model are 

based on the assumption of an isothermal compression process (exponent n = 1). 

It may be seen that the model increasingly overpredicts the force with in­

creasing penetrator stroke. This results primarily because the volume change 

calculated· by the model is too large, although the effective area on which 

the pressure acts is also slightly greater than that indicated by the test 

data. Analysis of data from another test performed with the bag inflated to 

0.70 psi initial pressure also showed similar discrepancies. 
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Figure 4-16 STATIC TEST OF AIR BAG CONTACTED BY TWO IDENTICAL HEMISPHERES 

It is believed that stretching of the bag fabric on the bias as the 

bag was loaded resulted in smaller changes of the actual bag volume than those 

computed by the model, and mainly accounts for the differences between the 

predicted and measured forces. This conclusion is based on observations of 

the bag shape and distortions of the fabric weave pattern in the vicinity of 

the hemispherical penetrator. However, detailed checkout of the CVS air bag 

algorithms was made difficult because of the assymmetry of the bag deformation 

resulting from the contacts with surfaces of different shape. 

Results of simulations of two tests of the air bag loaded along the 

minor axis of the ellipsoid by two identical hemispheres (see Figure 4-16) are 

compared with test data in Figure 4-18. The tests were performed with the bag. 

initially pressurized to 0.31 and 0.57 psi, respectively. Again, both the change 

of bag volume calculated from the measured pressures in the test and the force 

predicted by the model are based on the assumption of an isothermal compression 

of the air in the.bag. It may be seen that, like the results discussed earlier, 
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the model overpredicted the force primarily because of the difference between 

the bag volumes as calculated by the simulation algorithm and as deduced from 

the test data. It should be noted that the percent reduction of bag volume 

was not very great in the tests (less than 5 percent for the maximum penetration) .. 

Thus, only a slight violation of the model assumption that the bag does not 

s~retch would be expected to produce significant discrepancies between the 

simulated and.experimen~al results. 

I • For each of the configuration 2 tests, it is of interest to note 

that lower forces and pressures were measured during unloading of the bag. 

However, no leaks were detected and the bag pressure returned to the initial 

inflation pressure upon complete unloading. Since the maximum loading of the 

bag was maintained for several minutes b~fore unloading was begun, it is 

possible that slight additional stretching ·of the fabric occurred during 

that time which would account for the lower forces recorded during the sub­

sequent unloading portion of the tests. 

5.0 SIMULATIONS OF WHOLE DUMMY SLED TESTS 

Results of replicate sled tests that were performed for the specific 

purpose of providing comprehensive and reliable data for validating CVS pre­

dictions of whole dummy responses in realistic vehicle crash situations are 

documented in Reference 9. In these tests, which simulated 30 mph frontal 

impacts, the Part 572 dummy was restrained either by a lap and shoulder belt 

system that included a force limiting device at each of the three anchor points 

or by a preinflated air bag. The results from simulations of the tests of 

each configuration are presented and discussed in the following subsections. 

5.1 Simulation of Belt Restraint Tests 

The belt restraint test configuration was simulated first, using 

inputs for the dummy model developed from the data presented in Section 3. 

The contact plane descriptions, sled acceleration pulse and contact force­

deflection functions were derived from the data measured in the sled tests. 
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It must be emphasized that the purpose and design of this initial effort was 

not to perform simulations for validating the model of the sled tests but 

rather to: 

(1) Verify the input deck for the Alderson Part 572 dummy. 

(2) Establish ~hose levels of sophistication and simplification 

of the CVS program capabilities deemed necessary and sufficient 

to perform the validation of the full-scale system tests. 

(3) Establish adequate CVS simulations that can be used as baseline 

or benchmark models for the sensitivity studies required 

for Contract N?·· DOT-HS-6-01410, "Development of Approximating 

Solutions for the CVS Program and Dummy Design Information." 

(4) Further verify the newly developed features of the CVS 

program that·will be required by these validation and 

sensitivity studies. 

(5) Establish basic CVS input decks that can be used for full-scale 

simulations. 

It is estimated that approximately 120 computer simulations were 

executed over a three-month period consisting of the following: 

(1) Short (time zero only) simulations designed to check out the 
• basic format and contents of the CVS program input deck. 

(2) Short (time zero only) simulations to determine the initial 

positions and angular orientation input parameters to agree 

with experimentally measured data and to produce acceptable 

low initial accelerations. 
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(3) Long (200 msec.) simulations that attempted to model the 

three-point belt system using .the standard two-point belt 

algorithm of the CVS program. 

(4) Long (140 msec.) simulations modeling the three-point 

belt system components with one-sided (tension only) 

linear spring functions. 

(5) Long (140 msec.) simulations modeling the three-point 

belt system by utilizing the elaborate harness-belt 

algorithm that was developed by Calspan (Reference 6) 

and which is now. included in the CVS-IV program. 

In the initial trial runs, temporary force-deflection characteristics 

·for the belts and panels contacting the body segments from other CVS simulations 

of similar sled runs were included in this basic input deck. 

Only the data from sled Run 2049 was used for comparison with the 

output of these simulations because the responses measured in the three 

replicate sled tests performed are very similar. 

During all of the above effort, once the basic CVS input deck and 

initial positioning were established, no input changes were made except in the 

model of the three-point belt system that was employed in the sled runs. 

Although some satisfactory intermediate.results were obtained, the overall 

kinematics were always incorrect due to an inability to match the timing and 

general characteristics of the initial loading of the individual belt 

components. In addition, the majority of the simulations experienced compu­

tational difficulties due to geometric limitations imposed by the CVS program; 

namely, the location of the' fixed point falling outside of the tangent points 

in the runs that'used the standard two-point belt algo~ithm. Because of this 

problem with tangent points and because the standard belt routines were not 

.designed to model a three-point belt system, a series of simulations were made 

that used the harness-belt algorithms. 
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~ Figure 5-l compares photographs obtained from the south movie camera 

for sled Run No. 2049 with the AFAMRL Program VIEW plots obtained from the 

results of CVS Run R2049K for times of zero to 120. smec. at 20 msec. intervals. 

Run R2049K used the standard belt routines to model the three-point belt 

restraint. 

It was obvious that unless the loading characteristics of the three 

individual belt components were adequately simulated by the CVS program, no 

useful comparisons could be made between the simulations and experimentally 

measured results. Since no dynamic loading characteristics of the belts were 

available at the time the runs were made, the necessary force-deflection 

characteristics required by the CVS program were determined by a trial and 

error procedure. In this pro~~dure force-deflection characteristics were 

modified until a reasonable match of the measured loading (force vs. time) 

of the individual belt components was obtained between the simulation and the 

sled test. The trial and.error procedure con~entrated primarily on.the loading 

phase of the belt system. (Subsequent studies have shown that the force­

deflection loading characteristics derived from the experimental data are very 

close to those actually used, as indeed one could expect.) Again, it should 

be emphasized that the overall purpose of this effort was not to validate the 

full-scale system tests but to achieve those goals listed at the beginning of 

this subsection. 

All of the simulations that modeled the three-point belt system 

with the newly developed harness-belt algorithm of the CVS program used a 

coefficient of friction of 0.1 for the belt points contacting the body segments 

along the belt line and 1.0 perpendicular to the belt line. These simulations 

produced poor results ·during th~ loading phase of the simulations due to 

excessive slippage of the belt and erratic behavior of the tie point. As a 

last resort, the coefficient of friction along the belt line was increased 

from 0.1 to 0.5 and lowered for the tie point from 1.0 to 0.5. The results of 

this simulation (CVS Run R2050G, 6/12/80) appear to be very satisfactory and 

are shown. superimpos~d onto the plots·· of data· measured in the sled test in 
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T[IIE : 

(a) t = 0 

Figure 5-l COMPARISON OF CALSPAN SLED RUN 2049 AND CVS RUN R2049K 
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Figure S-1 (b) t = 20 msec. 
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Figure 5~1 (c) t = 40 msec. 
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Figure 5-l (d) t = 60 msec. 
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SLED RUM 2041 .. SOUTH CRitflllt '"ttf 572 OUMT WlfH fHfl!f "OJHf II LT 

01U[1 l A'ftll 1910 

TIME = 

Figure 5-1 (e) t = 80 msec. 
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Figure 5-1 (f) t = 100 msec. 
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Figure S-1 (g) t = 120 msec. 
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Figure 5-2. The actual and predicted kinematics of the dummy are shown for 

comparison in the several photographs and corresponding computer graphics 

displays of Figure 5-3. 

The complete computer output of CVS Run R2050G input, time zero 

results, and tabular time histories are included in the User's Manual, 

Volume III of this report. 

5.2 Simulation of Air Bag Restraint Tests 

Simulations of the air bag restraint test configuration were 

performed using the same values for all of the inputs as were used for 

simulating the belt restraint tests except, of course, those inputs associated 

with the different restraint systems. The preinflated air bag employed in the 

tests was a cylinder 28 in~hes in diameter and 30 inches wide. Since air bags 

are modeled as ellipsoids in the CVS, the selection of the ellipsoid semi-axes 

dimensions that would provide a satisfactory idealization of the cylindrical 

air bag was necessarily based on judgment. In the interest o·f at least simu­

lating the correct geometry in the vertical longitudinal plane of the contact 

by the dummy, the minor axes of the ellipsoidal air bag were each assumed to 

be equal to the 28 inch diameter of the test air bag. The width of the 

ellipsoidal bag (45 in.) was then determined on the basis of matching the 

· internal volume of the cylindrical bag. 

Due to time and funding limitations, only a few preliminary computer 

runs of the air bag restraint configuration were possible .. All but one of 

these were short-duration runs to determine suitable values for the bag 

inflation parameters so the bag would be fully inflated and generate forces 

on the occupant at about the·same time as that indicated by the experimental 

data. In addition, it was required that the supply. gas be essentially exhausted 

at that time so there would be no significant inflow to the bag subsequent to 

full inflation. Since no data were available to define the force-deflection 

characteristics of the·knee bolster contacted by the legs of the dummy, the 

144 

.., 



...... 

.,:.. 
lfl 

'L :1! • .. 

RUN= 2949 SERIESc 2849 
2000. 

c• ANHE .. 34 LEFT LA ) B~LI LO~P _Las. 
I I ~ 

,... 

1608. 

Sled Run 2049 

·~ X X x CVS Run R2050G 
~ --

' .J ' .~ 

"" ~ ~ J 

1299. /J 
I 

t \ \ 
" 

[' • ~ ~ 

888. 

I \ \ ! 
~ 

,j 
~ ~\ 

400. I . \' \ 
\ { \ \\ .J 

0. ~ ~ ~: ~ ., 
, .J , ,__ 

: ,,., .. ,., .. "' ... 
~ . 
9. 29. 40. 60. 80. 100. 120. 140. 

TIME - MILLSEC 
' 

(a) Left Lap Belt Load 

Figure S-2 COMPARISON OF CVS ~'IODEL AND MEASURED RESPONSES FOR BELT RESTRAINT CONFIGURATION 



~ 

~ 
(]\ 

RUH= 2049 SERIES= 2049 
c~ ANHE 35 RlfHT l~P BELT LlAO LBS. 

·~ ~ .~,. - ~' 

2008. 
r-,.. '. 'L ~ 

Sled Run 2049 

b """'" \ x ___ x ___ x CVS Run R2050G ~ 1690. .. 

1 ' l\ 'J . 
1\\ 
\~ ~ 

1209. 

880. 
• \ \ J 

j ~~ 
I ~ ' ,.., 

• ll 
/ "' 

. 408 

• 4 r )(' 

~ ~ 
'\ 

··~·· 
~ 
.; ~ 0 

.., r • 

9. 29. 49. 69. 89. 
TIHE - HILLSEC 

1(30. 120. 140. 

(b) Right Lap Belt Load 

Figure 5-2 COMPARISON OF CVS MODEL AND MEASURED RESPONSES FOR BELT RESTRAINT CONFIGURATION (CONT'D.) 

. ... 
• ~ 



I. 

...... 

""'" -...J 

~ Jt 
"I> s 

RUH= 2949 SERIES= l849 
c• AHHE 36 SH~ ULDE ~ BEl.T LO ~0 LBS. 

2099. 

' , 

1609. 

Sled Run 2049 r"'(, ~\ x ___ x ___ x CVS Run R2050G 
J 

# ~ ~' I 

1208. I ' ~ 
' ~ \ . I. 

899. I \ I"' I 'K ~ 

499. 
) ~ \ \ 

~ 

;/ ' "' ~ I 

- \ 

e. ~ v \ ' ( 
~ ~ ... 

9. 29.· 40. 60. 80. 100. 120. 140. 
TIME - HILLSEC 

(c) Shoulder Belt Load 
. . 

Figure 5-2 Cm1PARISON OF CVS MODEL AND MEASURED l~ESPONSES FOR BELT RESTRAINT CONFIGURATION (CONT'Il.) 



'1 

...... 

""" 00 

RUN= 2949 SERIES= 2949 
c• AHHE 1 To· AL s=AT FORCE LBS . 

. 1609 

1200 

~ -. Sled Run 2049 

If' X x x CVS Run R2050G 

""" 
--

lJ 1\ \ 

800 I I \ k\ 
• 

; 

... I I ~ . 
•k 

v v ~ I \ I I' . ~~. 

j / ~~- '\ 
409 

.... \ ./. ~ 
r--- p.---. ' f<' v """' ) A 

~-- ~ 
~-~ 

/ 1\ 1-....~ 
. 

"'"""' 
1\ J' - '-~ 0 

-490 

9. 20. 40. 69. 80. 
TIHE - MILLSEC 

100. 120. 140. 

(d) Total Se~t Force 

Figure 5-2 COMPARISON OF CVS MODEL AND MEASURED RESPONSES FOR BELT RESTRAINT CONFIGURATION (CONT'D.) 

I< ,. .. 



1-' 
~ 
1.0 

• • " >t 

RUN; 2049 SERIES; 2049 

160 
~.1..• •••• ·~~ - . - ··- . ----· .... _. . __ , __ ---· . • . . . 

Sled Run 2049 

x_x_x CVS Run R2050G 

120 ~'""" 
~ 

1- 1 ' 

' ( I\ / 
V! \ 

s r . . 
' 

J 

890 

' v " I i\ ) )~- ~ ·' 

) X \ \ 
~ ' 

480 

.f x....., , :./ '\ 

~ ' -, 
,... -,, .,.... - !~ -0 

i 

-400 

0. 20. 40. 60. 80. tee. 120. 140. 
TIME - t11 LLSEC 

(e) Total Toeboard Force 

Figure 5-2 COMPARISON OF CVS ~IODEL AND MEASUIU:D RESPONSES FOR BELT RESTRAINT CONFIGURATION (CON'('Il ·) 



;.· 

.. : 

t-' 
U1 
0 

RUH= 2049 SERIES= 2949 
~a 

c• ANNE~ 1 RE~ULT. HEAl ACC:'L. ·c; •s 
I . I J 

"' Sled Run 2049 
X X X CVS Run R2050G t --

"' 

~~ ~ 
49 

; 
r:J ~ ~ I ~ I~ 

1/ 
, 

r~~ j " 

30 

VI \ lj ~ \ 

-k .Ja li\.J 

I V· \ y, ~, 

, 1.& 

20 

II ~ >\~. ~ 
I' ... b .... 

1(/ "''1 -.~, 
/ 

18. 

l'o~..M 
~·J.iJ 

~ \ ~---. ...... ~ IT• 8. ... 
e. 20. 40. 60. 80. 100. 120. 140. 

TIME - HILLSEC 

(f) Resultant· llead Acceleration 

Figure S-2 COMPARISON OF CVS MODEL AND MEASURED RESPONSES FOR BELT RESTRAINT CONFIGURATION (CONT'D.) 

• y. , .. • 



..... 
t/1 ..... 

" ~ 
.. 

~ 

RUN• 2049 SERIES• 2049 

~0 
Cf ANHE 2._ RE~ ULT. CH~~T ACCEL. G'S 

I . 
I'" Sled Run 2049 

x x x CVS Run R2050G --
~ 

40 

-

/) ~-
I ~ ~ 

~ 

39 

F- .1 

~}~ ~ j' 

1 v IV~ ~ 
20 . 

J 
, 

\ " ...... ~ ""\.. l 

.II ~ ~ ~A lt1 ), _;i~ ~-. 
1-J. v y--- v \ , 

~ 
. 

. ~i.-. .. kJ 

19. 

0. 
~ ,, 
e. 29. 40. 60. ae.· 100. 120. 140. 

TIME - MILLSEC 

(g) Resultant Chest·Acceleration 

Figure S-2 COMPARISON OF CVS ~IODEL AND MEASURED RESPONSES FOR BELT RESTRAINT CONFIGURATION (CONT 10.) 



I 
I 
I 
I 

: 

.I-' 
tJ1 
N 

RUH= 2949 ·SERIES= 2949 

~8 
c• ANNE J RE~ ULT. PELUIS A~CEL. G•s 

,_ . 
Sled Run 2049 

X _x_x CVS Run R2050G 
A. ~ 

\ 

~ .. -:. 

49 

~~ 
~·'' \\ I' 

Ia. 

~ tr ' ~v 
l'r:--

39 

' 

~ \ ~ . 
' t• ~~~ 
) 

\ 
\ 

29 

fJ '\_i 
i 

.... 

. ~ "'i,. 

~ [\ ' v ' ~ ~ I~ ~ "·: . . .. ./' .. A J ,..._"i"< 

18 

,kf " - f---1{ "' ~ ~· ~ e. 
0. 20. 40. 60. 89. 100. 120. 140. 

TIHE - HILLSEC 

(h) Resultant pelvis Acceleration 

Figure S-2 COMPARISON OF CVS MODEL AND MEASURED RESPONSES FOR BELT RESTRAINT CONFIGURATION (CONT'D.) 

~ "$- .. 



I-' 
l/1 
~ 

., 
.. :t • ~ 

~~ 

~a 
C~AHHE~ 5 REcULT. RIG• T ARt ACCEL. r/• S \ 

I I . I 7 \, 
. l ,; ~ 

I"' Sled Run 2049 \ 

I 
I~ \ ~ 

.x x x CVS Run R2050G 
1\J --

"" . 

~ \ " 

49 

39 \ \ 
l \J ~ ~ \ 
v ' \ ' 

h' 
. 

"" _j 

29 

v 1/ ~-' 

J JY v 
• J"• 

19. 

k·-·~ ~v 
_, .... 

·--~ rt·Jf..~., """"X 
\l......-1 ~-x~--- -... 1(-":; 

• B. 
B. 29. 40. 69. 89. HHL 120.. 140. 

TIME - HILLSEC 

(i) Right Arm Resultant Acceleration 

Figure 5..:2 COMPARISON OF CVS MOOEL AND MEASUI~ED RESPONSES FOR BEI:f RESTRAINT CONFIGURATION (CONT 
1 

D.) 



~ 
(/1 
.j:>. 

so 

. . I ~ 
RUH= 2049 S~RIES 28 

c•AHHE 4 RE~ ULT. LEFT AR1 ACCE . ~\•s 
J' 

~: 

~:.. \ r- Sled Run 2049 

\ • r ~ x x x CVS Run R2050G --r-

\ \ \ lA k 

40 

~ ~ \ ' ...... 

'"X. 

\ . 
~-

39 

: ... \ "· .. 
~ ""·· 

X 

1\ 
....... 

/" 

J 

.28 

7 \ 
) ~ 

~ 
" ~ 

18. 

,,~ ~ Yt... -;;;::!, ;.?' 
""__.! /.A(-"'· 

...-,.;;: '-e. 
e. 20. 40. 69. 89. 100. 120. 140. 

TIME - HILLSEC 

(j) Left Arm Resultant Acceleration 

Figure 5-2 COMPARISON OF CVS MODEL AND MEASURED RESPONSES FOR BELT RESTRAINT CONFIGURATION (CONT'D.) 
.! .~· 

• j, $ 

,Jj 
"'i . 

.. 
\ 

i -
~ }1 "1; . . 



.. 

.... 

I( 

M«1. PI~ Aft Y t I!W fl.OT 

SUD AUM %041 - ~OU fH CJNW:IUI 
-~ nz IMW!f WITH IH«Et ~OINT I Ll 

OAT£ t lZ ..IUMf: lSIO 

TillE • 

(a) t· = 0 m.sec. 

.. 

Figure 5-3 COMPARISON OF CALSPAN SLED RUN 2049 AND CVS RUN R2050G 

155 



-------~ 

SL£D ftUN ZO'I • SOUTH CMt:ltlll 
1MT 572 OUMT MUH Tttfli:E 'OINT I T 

OATEt 12 .JUH( 1510 

Figure 5-3 (b) t = 20 msec. 

156 

__ ,-:-___________ -:-'---:----:---;-:-:---~----:-----:--------------
: .. _., 

.. 



... 

St.ED RUM '2041 • SOUTH CArtt:IUt 
PtHIT S'7'Z OUMT MITH rH«ff POINT 5 Lr 

o~rro tz JUII( t!lo 

Figure S-3 (c) t = 40 msec. 

157 



-··-·--__ .., __ ~ 

~ PltOOfUWI VIEW I'LOT 

SUD ftUH 1:041 .. SOUT" CA"Efl:fll 
Pfllllr 511: DUIIftT )tlfH THftt:E I'OJ"T I T 

CAfE r tz JU"E UIIO' 

TIHE • 

• 

Figure S-3'(d) t = 60 msec. 

158 



IIM1.. ~WOIIOIIII Y!tw fUlf 

SLED RUN tD41 - SOU fH CJIIIUA 
fMf 572 !)IJIIIIT WITH flf!l!r fO!H1 ~ r 

011rt• 12 JUliE ueo 
TillE s 

Figure S-3 (e) t = 80 msec. 

159 



M«t.. PllO~M V lEW Pt.OT 

OATEa IZ JUNE 1910 

TIME : 

Figure S-3 (£) t = 100 msec. 

160 



lllltll. fi!OOIIA" Vl[ll l'I.OT 

SI.EO ltlnf %041 ... SOUTH Cltft(IUIJ 
.fl'«T- P.! .~.;.·::tr 1UTH THI££ FY:JH 

Figure 5-3 (g) t = 120 msec. 

161 



,.. 

Figure S-3 (h) t = 140 msec. 

162 . 

----------------------------,---L--~,...----------··----·· 



.. 

values of the input parameters·for that panel were also adjusted in the early 

simulation runs in attempts to achieve better agreement with the sled test 

measurements. 

Results from the simulation model are shown in Figure S-4 for 

comparison with response time histories measured in the sled tests. Although 

the model results are deemed quite favorable with respect to approximating the 

magnitude and general shape of the waveform of many of the measurement 

variables, several large discrepancies may be observed that are noteworthy. 

From the plots of the head accelerations,. it may be seen that the peak value 

of the x compqnent and the large and rapid change from positive to negative 

of the Z component of acceleration were not accurately predicted by the model. 

As a result of these diffe~en~~s, the predicted value of the Head Injury 

Criterion (HIC) was 2120 compared to 1109 computed from the head accelerations 

measured in the test. Somewhat better agreement is shown by the results for 

the chest accelerations, but the duration of the predicted pulse is shorter. 

Note that the x component of the predicted head and chest acceleration responses 

increase abruptly at about 66 milliseconds. The reason for this is that the 

pressure in the bag suddenly increased from zero to 1.3 psi in 2 milliseconds 

when the simulated bag became fully deployed and at which time the occupant 

had already moved forward several inches so as to penetrate the bag. The 

buildup of forces in the sled test was initially delayed and then was more 

gradualpartlybecause of the presence of voids between the (spherical) weather· 

balloon liner and the bag itself. Thus, it was not until the liner had 

stretched sufficiently to fully contact the interior surface of the bag that 

pressure started to rise and produce significant restraining forces on the 

dummy. As may be seen in Figure 5-4· (n), the model overpredicted the peak bag 

pressure slightly, but, for the most part, the experimental measurements were 

matched quite closely. 

Among the loads imposed on the various contact panels, the normal 

force on the rigid seat pan was least accurately predicted by the model. In 

the actual test the dummy lower torso was forced downward against the seat by 

163 



...... 
C]\ 
.j:>. 

-120 

\1) 
t 

~ 

-sa 

-40 

~ e 
~ 
~ 

~ 
~ 
~ +40 

+80 

CJANHE g 

0. 29. 

RUN= 2946 SERIES= 2946 
HEAD AC ~EL. X< 0) I , G'S _,, 

\ . 

' ' ' ' 
I \ 

I ' ' ~A1·-r-:/ 1\\ 
nsr,. ~ \:: 
J ~J I 

~'\ 

.sl 
lf{ \\ lA./ -- _., 

\ \ ~,. "/ 
f'\ .,. 

\ #' \./ 

\. { 

~ ~~ 

40~ 60. se. 100. 120. 140. 
T H1E - t1ILLSEC 

(a) Head X Acceleration 

.Figure 5-4 COMPARISON OF CVS MODEL AND MEASURED RESPONSES FOR AIR BAG RESTRAINT CONFIGURATION 

'(. l 



~ 
; 

RUH= 2046 SERIES= 2046 
c•ANNE 5 

120 
HEI 0 ACCEL . Z< 0 > . G'S 

80 

I r- nsr 
.''\ 

~ 40 
l 

...... ·~ 
Q\ 
V1 ~ 

~ 0 
~ 

~ 
~ 
·~ 

-40 

~- \ ' S/M. 

~ 
t ' I l I \ !{ : I \I ' -· tl \ 

~ ~ ~ 
\ .L ./ -rv-~ -, 

1-. \ I ' ,.. ,. 
..... v 'I v 

J 
. ttr 

i/' 
-se 

0. 20. 40. 60. 80. 100. 120. 140. 
T H1E - NILLSEC 

(b) Head Z Acceleration 

Figure S-4 COMPARISON OF CVS MODEL AND MEASURED RESPONSES FOR AIR BAG RESTRAINT CONFIGURATION (CONT'D.) 



..... 
(]\ 
(]\ 

100. 

80. 

\!) 60. 
l 

~ 
~ .... 
~ 

It 40. 
'41 
~ 
~ 

q: 

20. 

e. 

c~ ANNE 1 

.J.hl 
-"" '"' 

e. 23. 

RE~ ULT. HEAD ACCEL., G•s 
"3 I 

t I 
I 

I ·r I 
I 

I 

\1 ~ ... !J 
( . I l 

~ f ' I I 

I . ll ' 

~ I \1 \ 

T£sr- yy- '-51M· ; 

_, \ ~. 

-... .... 
1- w:;;;;:--.. --

40. 
TIME 

~ 
I 

~ 
~ 

li 
j ""} 
~/ 

60. 

I 
I 

\ 

' 
\/' 

80. 100. 
MILL I SEC 

(c) Head Resultant Acceleration 

1\ 
\ 

I It ~ 
I l ·v: 

I ~ 

' _\ 

\ 

" ' ~/ \ 

. 120. 

p( 
I ' 

.... I 

I \ I 

I \JI 
~ 

140. 

Figure S-4 COMPARISON OF CVS MODEL AND MEASURED RESPONSES FOR AIR BAG RESTRAINT CONFIGURATION (CONT 1 D.) 

~ 



...... 
0\ 
-...! 

" "' 

RUN= 2046 
c•AHHE 11 CHFST ACCEL. X 

20 I 

SERIES= 2046 
G'S 

~ 
~ 

I ) 0 

(.!) -20 
t 
~ 
~ 

" ~ 
~ -40 

~ 
\j 
\J 
~ 

-60 

-so 

. 

0. .... 0 
~·. 

·-- ~-- -- v- ' .... I I -~ \ / -..J 

40-. 

~ \ _/ ~ 

\ I v 
\'-o. I f 
·~ · /11 I 
~1\ ,,~ 1 

.- I v 
\ I 
\ 1 

Stl"fl ~ I ,rr-n.~r 
\ I 
\ j_ 

- \ ; 
I 

\ -,' v 
\ I 
• • 

T HlE 
6~. ~11 LLSE~l\1 . 

(d) Chest X Acceleration 

100. 120. 140. 

Figure S-4 COMPARISON OF CVS MODEL AND MEASURED RESPONSES FOR AIR BAG RESTRAINT CONFIGURATION (CONT'D.) 

• 



RUN= 2046 SERIES= 2046 
c~ ANHE 13 CHFST ACCEL. 2 G·s 

80 

' 
60 

,rrn-sr 
\!) 40 
l 

...... 
~ 

(j\ ·~ 
00 " ~ 20 

~ 

~ 
\j 
0 
~ 

0 

!~ 1'1 
r / ~ I ' ll\! I ' L/ 

1 I 

w. \A A .. ' 
' I 

ty-- .... --- - 1-

~ ,..--
~ v \ .. 

r,.,. 

\ ( lf S"IM· 
., I 

I '-/ 

\ I ' v 
u -20 

0. 20. 40. 60. se. 100. 120. 140. 
TIME - ~11 LLSEC 

(e) Chest Z Acceleration 

Figure 5-4 COMPARISON OF CVS MODEL AND MEASURED RESPONSES FOR AIR BAG RESTRAIHT CONFIGURATION (CONT'D.) 

~ "' 



! 
I 

I. 

...... 
(]\ 

,1.0 

~ " 

100. 

80. 

(.!) 60. 
l 
~ 
~ 

" ~ 
~ 40. 
~ u· 
\) 

"" 20. 

0. 

0. 

c~ ANNE 2 

'-

20. 

RUN~ 2046 ·SERIES= 2046 
RE ULT. CHEST ACCEL. G'S 

-
{\ 
I \ 
I \ 

I \ 

\ " "\ r 'r-nsr 
I 

.l 

SINI. ~· \ 
I \ 

I r' I 

I 1 
I ' I ' ~ I \ \ 

' 

iff'J \ ' I \ 

) ' 
' ' , I ' ../ ,I ', -- --- _.. 

40. 
TIME 

60. 80. 100. 
MILL I SEC 

(f) Chest Resultant Acceleration 

• 

r\. 
v \I 

"" J~trf ~---"--
120. 140. 

Figure S-4 COMPARISON OF CVS MODEL AND MEASURED RESPONSES FOR AIR BAG RESTRAIHT CONFIGURATION (CONT'D.) 



t-' 
-...J 
0 

~ 
~ 

f 

~ 

·. 

4008 
CHAij_Nfl 

RUH• 284b SERIESz 28.6 
t! SEAT HEJ HORH LD AIR8AG LBS. 

~ 

3800. I I f I I I I I A I I .1 I I t 
vrnsr 

2009f I f I I I I . -1 I I \ I I I I I I 

" r' ~ 1098r-~---r--~--~-;--~--;-~+-~---+--~~+-~~~ 

~ 

0r-~~~~~~~~~~~~~~~~r--r--rr~ 

-1000, I ' I I I I I I I I I I I ' 

0. .,,., 
... ltJI. 40. 

TH1E 
60. so. 100. 120. 140 . 

MILL! SEC 

(g) Seat Normal Load 

Figure S-4 COMPARISON OF CVS MODEL AND MEASURED RESPONSES FOR AIR BAG RESTRAINT CONFIGURATION (CONT'D.) 

~ ,. 



...... 
"-! 
...... 

2088 

1580 

1000 I, 
~ 

....... 
l 

~ 
\) 

't 300 I 

~ 

0 I 

-500 

~ 

RUH•2146 SERIES• 2146 
_t} AHKE 9 T1 H£T ~rt+fl. LD At~E A'i LBS. 

,. 
\ I 

y \\ 
d ""' 
v I 

I 

l)' 

0. 20. 

I 

/ 
I. 
I 

I 

I 

/'\. .' /' 
I' 

1\. ,., 
r' 

I 

nsr-

40. 
TIME 

r-y r.s-1m. 

\ 
\ 
\ . 
' \ 

\ 

~I 

~ \ \ ~ 
\ 1\ 

\ I ~ , ' 
" 

.. .L. ~\ ~ 

' V" V\ v \ v 

60. 80. 100. 
MILL I SEC 

(h) Toeboard Normal Load 

" 

" -r't'v "-! \J 

120. 140. 

Figure S-4 COMPARISON OF CVS MODEL AND MEASURED RESPONSES FOR AIR BAG RESTRAINT CONFIGURATION (CONT'D.) 



:I 

I 
1 

. ! 

I 

·I 

288 

e 

-290 

...... ~ 
;j ......., 

~ 

~ 
v -400 
~ 
~ 

-600 

-S00 

Figure 5-4 

RUNs 284' SERIES• 2846 c• A»NEI ,_ TB NET TANG I"" LO lURE AG LBS. 

~',, 

\ ~ 
\ 

\ \ 

' 
\ \ 
\ \ I 

I ,.., 
\ ll 
\ 

~ J \/ 
. 'V' 

0. 20. 

I 
,1 

I 
-, 

rv n$r , 
!J 

/~ \ 1 . 
I 

1/ \ \ // 
\ 

.,., :/ f-5/M. 
\ 
\ I 

\ I . i 

\ I ~ 
I • 
\ I I 

\ I 

40. 
Tlt1E 

'~ . \ 

60. 

. 

.1'\ ' 1\ ,, I \ 
}. If 1\) v 
' 
\ 
\ . \) 

. 

80. 100. 
MILLISfr. 

(i) Toeboard Tangential Load 

~I\. ) '\ 
\1 .\J 

I 
I 

120. 140 . 

COMPARISON OF CVS MODEL AND MEASURED RESPONSES FOR AIR BAG RESTRAINT CONFIGURATION (CONT'D.) 

.. • 1-



...... 
'-l 
(.M 

.. • 

8881 
c• AHt~E 11 

6008 

~008 

~ 
I .., 
~ 2000 

~ 

0 

-2000 

e. 20. 

RUH• 2846 SERIES• 2846 
kB NET ~ORM~L LO AIREAG LBS. 

h 
y \ r\ \ .1'\ 

7 

'J' y ~"r I 

\ 
SIM-i~ 

~ I 
I' \ ' ' ' \ \ 

~ .. . ) \ 
\. 

- ··~ -~----

40. 
TINE 

60. 80. . 100. 
MILL I SEC 

(j) Knee Bolster Normal Load 

• .,. 

, ... - -r- !-"' 

I 
I 

120. 140. 

Figure S-4 COMPARISON OF CVS MODEL AND ~IEASURED RESPONSES FOR AIR BAG RESTRAINT CONFIGURATION (CONT'D.) 



.t I 

I 
I 
i 

. i 

I 

I-' 
-....1 
.j::. 

3288 

2480 

1680 

•fQ 
....... 
t 
~ 
0 880 
~ 

ae 

0 

-800 

Figure 5-4 

c• A '*lEI 11 

0. ?0 .. . 

RUHz 2146 SERIESs 2846 
KB NET TAHC'l LD·AIREAC lBS. 

1\ /', 

r \ ~ 

~ ,y ~"5,. ,, 
I 1\ \ 

' ~ 

~S/hJ \ \ 
I \ 

' J'l 
\ 
\ 

v \ 

~--, \ - ___.,., 
\ 

40. 
TitlE 

60. 80. 100. 
f11LLISEC 

(k) Knee Bolster Tangential Load 

""' 
~ \. ~ 

v 

120. 140 . 

COMPARISON OF CVS MODEL AND MEASURED RESPONSES FOR AIR BAG RESTRAINT CONFIGURATION (CONT'D.) 

. " 



I 
I 
I 
I 
I 
} 

l 
I 

...... 

...... 
V1 

~ 
'J 
l 

\u 

4888 

3909 

2909 

~ 1000 

~ 

0 

-1000 

Figure S-4 

" ~ 

RUNs 2846 SERIESz 28., 
r.s, AtiN£1 11 ASP NET HORt LD AIRB~G LBS. 

r>t..,~. 
1\ 

J \\ 1'\/ -SJM. 

. 
n5r~ iff' \.. 

~\ I 

V! ' 
I 

\ i 

I I 

~ 
i 

I I 

I '1\ rJ 

lrJ 
. 

\ I I \ I 

J J \ \ ~ \J . - ~ ' 
~,...... 

- v \ / 

0. ?f.l ...u. 40. 60. S0. 100. 120. 140. 
TIME MILLISEC. 

(1) Air Bag Panel Normal Load (Windshield) 

COMPARISON OF CVS MODEL AND MEASURED RESPONSES FOR AIR BAG RESTRAINT CONFIGURATION (CONT'D.) 



., 
I 
I· 
I 

i . i 
I 
! 

...... 

....:1 
0\ 

48 

I 

I ~ -480 
...... 
l 
~ 
\J 
It 

I' ~ -800 

I -1200 

-1600 

Ct AHK£ 1 11 

. 

0. ~a. 

RUN= 2846 SERIESs 214' 
ABP ~l TAH<i'L Li ) At~ BAG LBS. 

--,_ J 

40. 
TIME 

/" 

.. / 

' ' l '-' ~ ~\ 

\ 
~ I 
I~ r=J'E$r 1 
\ 

' \\ I 'v, 
I 

I ' J ,._ 
I I 

~SNrt. 

' . i I 

' 1/J . 
I I 

I I . . 
60. I S'A. I 100. 120 . 

\ I \ f MILLISEC 
I \ I . 

( ) A. ~ I ' m lr Bag Panel Tangential Load (Dash) 
~ [ 

A 
~I~ v, I 

1 
I} I 

140. 

~ 
Figure 5-4 COMPARISON OF CVS MODEL AND MEASURED RESPONSES FOR AIR BAG RESTRAINT CONFIGURATION (CONT'D.) 

. " 



1-' 
-....! 
-....! 

i- • 

...... 
. ( 4 

l 

~ 
~ 2 

~ 
~ 

0 

-2 

0. 

c• ANt~E 

?•'l ... u. 

2~ 

,... 

• 1-

RUN= 2846 SERIES= 2946 
BA~ "" PRESSURE PSI 

' 

-I \ 

rs'~· 

·~ 
\ . 

\ 

7"E$r ri 1\ 
// \ \ 

~ ,, 
'\ ) 

'J 

\ J' 

V' ,, 7 
I 1", I 

_/ ,' \ ~ _j J~ -- ' 

40. 60. 80. 100·. 
TINE - MILLSEC 

120. 140 . 

(n) Air Bag Pressure 

Figure S-4 COMPARISON OF CVS MODEL AND MEASURED RESPONSES FOR AIR BAG RESTRAINT CONFIGURATION (CONT'D.) 



the high forces result~ng from contact of the lower legs with the knee bolster 

which were transmitted through the femurs. It appears that the orientation of 

the torso and legs was sufficiently different in the simulation that the contact 

with the knee bolster caused the occupant to load the seat by only·a very small 

amount before being lifted upward off the seat. Comparison of the shapes of 

the waveforms for the other contact panels clearly shows a correlation between 

the model and experimental responses although the magnitudes of the force 

peaks differ considerably in some instances. 

It is of interest to note that the air bag reaction forces against 

the panel representing the windshield were much better predicted than those 

stemming from reacting against the dash panel. The fact that the measured 

forces on the windshield were.higher than those on the smaller size dash 

whereas the predicted forces were nearly the same mainitude for both panels 

suggests that the difference is due to an edge effect that is not accounted 

for in the simulation. The high-speed films of the test showing that the 

bag was fully supported by the windshield but not by the dash panel which, 

because of its much shorter length, allowed the bag to "droop" over the forward 

edge, reinforces the plausibility of such a hypothesis. 

6.0 CONCLUDING REMARKS 

An input data set for a CVS computer program model of a Part 572 

50th percentile male anthropomorphic dummy was developed in this research 

program. In this model the dummy is idealized as an assembly of 15 rigid 

segments connected by 14 joints. Values for most of the input parameters which 

describe the physical characteristics of the dummy are based on data obtained 

from measurements and tests of components and subassemblies, but it was also 

necessary to estimate some of them. 

It should be recognized that rarely, if ever, is it possible to model 

a given system in toto because of practical considerations of model complexity, 

lack of information on the physical system or processes involved, or even 
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difficulty in manipulation or use of the information. Hence, every model is 

an approximation of the physical syste~ it represents and, of necessity, is 

based on simplifying assumptions concerning the various aspects of the nature 

and behavior of the real system. For this reason, differences between predicted 

and observed responses of an actual system are to be expected, the disparities 

depending in part on the adequacy of the assumptions and approximations for the 

particular operating environment of the system. It is believed that the 

correlations between simulated and actual system responses shown by the detailed 

comparisons presented in this report are indicative of the general level of 

accuracy that can be expected in typical applications of the CVS computer 

program. 

One of the difficulties in speaking of validating a model lies in 

defining what is meant by "validation." Although at first thought·it would 

appear to be relatively easy to define the term "validation" in relation to 

computerized mathematical models, a cursory review of some of the published 

literature on this subject indicates that there is no uniformly accepted 

definition of the t~rm "validation." Various technical disciplines choose 

widely differing definitions for their specific purposes. Furthermore, 

"verification" is often used as a synonym for "validati•on," wliich is in general 

accord with standard dictionary definitions of these two terms. 

Fishman and Kiviat (Reference 10) describe three principal problem 

areas relating to statistical analysis of computer simulation results: 

verification, validation, and problem analysis. According to their definitions, 

verification determines whether a model with a particular mathematical structure 

and data base actually behaves as :an investigator assumes it does. Validation 

tests whether a simulation model reasonably-approximates a real system. Problem 

analysis seeks to insure the proper execution of the simulation and the handling 

of its results; consequently, it deals with a host of matters: the concise 

display of solutions, efficient allocation of computer time, proper de;;ign of 

tests of comparisons, and correct estimates of sample sizes needed for specified 

levels of accuracy. In other words, verification and validation insure that 
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a model is properly designed; only after a model has been verified and validated 

can an experimenter justifi~bly use a model to probe system behavior. Problem 

analysis mainly deals with the results of this probing. 

Validating a model therefore means establishing that it resembles 

the actual system reasonably well and, if so, we expect that its simulated 

response ~o an input should exhibit behavior similar to that observed for the 

real system. In the view of VanHorn (Reference 11) validation is the process 

of building an acceptable-level of confidence that an inference about a 

simulated process is a correct or valid inference for the actual process. 

These two views-on the definition of "validation" are seen to be quite 

consistent. 

Naylor and Finger (Reference 12) assert that to verify or validate 

any kind of model means to prove the model to be true. But to prove that a 

model is "true" implies_that one has established a set of criteria for 

differentiating between those models which are "true" and those which are 

"untrue" and that one has the ability to apply these criteria to any given 

model. No criteria exist either for selecting the critical output variables 

for comparison or for defining the level of agreement required for validity. 

Schrank and Holt (Reference 13) propose that the criterion of the 

usefulness-of the model be adopted as the key to its validation, thereby 

shifting the emphasis from a conception of its abstract truth or falsity to 

the question of whether the errors in the model render it too weak to serve 

the intended purposes. Since this involves a judgment on the part of the 

individual investigator, it appears that validity of a model, like beauty, 

"lies in the eyes of the beholder." 

In view of the fact that assumptions are inherent in any mathematical 

model, it is clear that a given model may yield better pre~ictions for one 

situation than for another, i.e., validation· is problem dependent. However, 

the agreement achieved between predictions and observed responses of a system 
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("validity") is also user dependent. As an example, an air bag restraint is 

represented in the CVS as having an ellipsoidal shape. If an air bag as part 

of a physical system being simulated is not ellipsoidal, the user must decide 

on a set of model input .values for the ellipse semi-axes that, in his estima­

tion, is most representative of the real air bag for the particular situation. 

Inasmuch as the "best" choice of inputs often is not obvious, or indeed may 

even be indeterminable, different users may select different values in 

simulating the same physical system. The model in this case is the same for 

all users (i.e., the air bag modeled as an ellipsoid), but the resulting 

predictions, and hence the indication of validity, are user dependent. 

Model validity is also seen to be user dependent in another way 

when it is recognized that the CVS program is not a singular model. Indeed, 

generality and flexibility of the computer program has been an objective 

throughtout its development. Features such as the ability to vary the number 

of segments and joints, to disjoin sets of segments, to employ various options 

(e.g., position constraints, sliding or rolling constraints, etc.) allow, in 

effect, the creation of many models. Again, because the "correct" or "best" 

model that can be created from the available options for simulating a·given 

real system is not known a priori, various users may select different options 

with consequent different predictions of system behavior and indications of 

validity. 

In view of the foregoing discussion, the authors have drawn no 

conclusions concerning the validity of the CVS model that is demonstrated by 

the results obtained in this study . 
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APPENDIX A 

Head/Neck Pendulum Impact Data Plots 

Data records from four head/neck pendulum impact tests with the head 

oriented at yaw angles of 0, 45, 90 and 180 degrees are contained herein. The 

data are presented in the following sequence for each test. 

• Honeycomb reaction (pendulum) force 

• Pendulum X acceleration 

• Head x, y, z and resultant accelerations 

• e,.~ and total (8 +~)head rotation angles 

• Radius length, R, as a function of angle ~ 

The measured impact velocity of the pendulum for each test is tabulated 

below. 

Test Head Pendulum 
No. Orientation Im12act Velocity ft/sec. 

8 00 23.31 

4 45° 22.12 

9 90° 22.83 

11 180° 22.88 

A-1 



c 
' 

.tt: 
·. 

A
-2 

-+-: s
~
 

. '--1
---f--

~
 
,_

_
 

. 
.
.
.
.
_
~
·
-
·
 

-
...-

f
-
-

,__,_,...!-'-~ -.-,.~1-· 

.• 
t-··~ 

!-'-:-* 
+

tt • 
1

--t. 
t
-
-
~
 

·
~
 

~-~·· 
'.i.~·r+-!­

"-·tr­
·
t
i
:
:
±
~
 .. 

,Iii::!-!-I++ .. 

--

·
I
-

·.h
-
.-

-
-

0 0 .. C
l) 

w
 

C
l) 

z 0 c. 
C

l) 

ga co 

0 z E-o 
C

l) 
w

 
E-o 

z 

- :I: ...... I 
<: <

!) 

~ 0
0

 
•.-I 
u. 

.. 

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
~
-
-
-
-
-
-
-
-
-
-
-
-
-
-
·
-
-
-
-
-
-

··-
-
-
-
-
-
-
-



·-

1---· 
-
r
-
-

,. 

A
-3 



=~~:::I::::!::: :I: 
::1:::: :::. :. ::~ ,.:::1::::1:::: !: ::: F::lL: 

:::::::·::I:;:: 1:::: I:::::::;: j:::: !: :. :! :::: !: ::: !:: :: !:: .: i:: :: :·: ::l 
+:;: C: if;; L

 )! ~ ++~ +:;};; ~ ;-~;;; 1 ~;; :-~~H-:;;: :v;;;::;;; :; :; ; ~;;: r+;;:;;: 1 ++:;; (::: <
 :~;;:: ~~+::: ~::: ~;:;: i <; i 

.. "
I
"
 .. I 

.
.
.
.
.
.
.
.
.
 , 
•
•
•
 j ............ ! 

... I .
.
 --I· ... I. ... I ... : 1: ... • ........ 'I"

 ...... , .. _ .. I 
•
•
.
•
 , 
.
.
.
.
.
.
.
.
.
 I 

.. 
I
"
 ...... 

' .... ; ......... I 
•
•
•
•
•
•
•
•
•
•
•
•
•
 

I 
.
.
•
•
•
 ' 

. 
. 

•
•
•
•
•
•
 

'_J 
•

.
.
 

I 
•
•
•
•
•
.
 

' 
•
•
•
•
 

0 
•
•
 
:
{
:
.
.
.
 

• 
•
•
 

' 
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
 

I 
0 

•
•
 

0 
•
•
•
•

•
•
•
•
•
•
•
 
I
.
.
.
 

. 
. 

. 
. . 

. 
• 

::::i:::;j;:::i::::!::::::::: :::::::::!::::::::: ::::;:.::l::jS
_::::j::::l::::;::::l::::;::::i.:::::::.:!:::::::::!:.:·:::::::::::::::: 

ht~tt:itfl~~httttrtthttttt h'Hi~t!Hffi ~lhftt(·tt:tht~tjl~hF-!~t::·:::;;;;;~:i~i 

+
~
 :~· ·: .. hhli '! t-ITSHFht ~

-
I
 : !--M+tst-f--H4BSM 

.... ';d' .......... "
.
I
 .
.
.
.
.
.
.
.
 I .

.
.
.
 , 

•
•
•
•
 I' .. "ll" .. 

I .
.
.
.
.
.
.
.
.
.
.
 -
.
.
.
.
.
.
.
 "
.
,
 .
.
.
.
 j ... 'I' .... ' ............... ,.. .. .. . . .. . .......... --. 

. .. • ' .
.
 

. 
.
.
.
.
 I .. •.• 

. " 
-i . -. -

.... ,. -.. 
.. ... 

.. .. 
.. 

. ; .. . . 
. -... I . . . . 

. . .. . .. .. 
.. .. ' .... I .

.
.
 -

.
.
 . 

. 
.
.
.
.
.
.
.
.
.
 , .

.
.
.
.
 -

-
-I ...... ---

. 
:::·!: 

-~::1::;: 
::~:,:·:::: 

::~·. 
:::: ::.::!:::: :::::::: 

::~:i~::: 
::::,:::: :·:::j:::: 

: .. :1
:·::!·::·::.:·:: ::::::::· 

:::::::::,:::·!:·:.:~ 
-
-
-

. 
-
~
~
 

I 
I 

+
-
-
-
-
"
' 

-
:· ·:: =

>
_::::··::: 

::::1
:::: 

:::~•:.::1::::•1 :::·: 
::·:!::· 

::::!:::: 
::::!::::1

::::1
:.::. 

::::r::::l::::;:·:::l:::::::::·1 :::::::::1~:::.::::-:i 
... 

,. ::::···-1
 .......... 11····· 

.... ! ...... !.... .... ........ 
.._., ......... , .............. , .... , .... ;.-

.......... , ............. . 
.
.
.
.
.
 
~
·
·
·
·
·
·
·
·
·
 
.
.
.
.
.
.
.
.
.
.
 

'·
·
·
·
 
.
.
.
.
.
.
.
.
 
·
·
·
·
·
·
·
·
 

·
-
~
;
·
·
·
·
.
·
·
·
·
r
·
·
·
·
t
•
o
•
·
•
·
 

.. 
·
·
·
·
•
·
·
·
·
~
·
·
·
·
·
,
·
·
·
·
 
.
.
 

•
·o

·· 
·
·
·
·
·
·
·
·
·
·
~
•
 

~=~= ~ ~ ~:: ~~~~ ~~-~ ~:' ~ =
 ~ ~ 1:.~~~ ~~:·t~:-: 

: :·::::::: :: ~-: ~~: ~: ~ ~~n:~ :~ ~-~1 :_~:: 1 :.~ ~: i:::: 1: ::~-~~: ~: 1~:~~ i-=:: ~1: ::~ ;:::: i ~ ::: :~~~~-: 
~~:~;:::t~J~:-~ ~~::r-:: ~-~J>~ :~~T~;-: :: ::p :~ ~ iY

I ~.:: :-~:·I~-~~k:.x:: ~ ::·~~ 1: ~~T:=·: :~~:1~:~ ~: ~: !:: :>::: i :~< ~~ ~~ 
: :: :: ;_; : •I : : :.: .,. : :. 

_:_: __ ~_..:_' 11 1 : __ ~~:.· 
:.~~~.~.:-:-:: 

::: : l :-::: : , .. : . : ·,. : . : 
. \:~I:.: :: 

: : : : :; ~ :.: 
:,J 

:-:_ -:_ 
=. !I:_·_: :_ :I · __ : :_ :_ I:,.-_:~.~-:.I:_·-:_·::_:_ .:.~_· -_~:. :_ ·~· :_ :_ :_~ ,L_-:-, :_ :_· ;:. :_-= .. · ; ___ : :_ :_:·.~.=-.. --.--. 

:_.:.._ .. _._1·:...; 
.. _:_: .;...::...;;_~_:~;~·.:._::...;_· i---r--1·~-----· -_,~,_-~· _. "+: . .;_: __ .. ~_..-_._~:-;: .:.:: : :-::: 

:\::.1:::: 
..• :,,:.... 

. 

:_~:T::: ~::-:L-:: 
~~·:f~·; ~i~T~~~ ~::c:: :·~ ~~~~:: ::~r~~~ ~~~~~:~;~ ::~T~~ ~:~~i:_;::k~:-~~~-:J~j~~:l:~::~~~:: 

:-:::-: t:::: 
.... -· 

·
-
•
o

l
·
·
·
·
·
 :..!:: 

:;:: 

~::.1:: .. ; 
..... ,.... 

:·::: 
:::: ::::l::::ffiri.:.:l:::: ::-:·.J:::.: 

~::~ .:-::: 
.:::·!,::;: ::::::::·:: 

~:::j::~::~::~:i:::T.:.:::::I::::::::.· 
_·_:-_::_::_:_:_~!+--r--+---f---f-·-:~-·.:-:-+.-:-::-:1::::· :::: ::::1;;. :::~ ~:~: :::: :::: ::::.:::·: :::~~:::: :.::·: :::: :::·:.:::·~:::::::~.::~::::.~ 
: .•. 1::·:; 

::::1
,: .. :1:::~ 

I 
. 

I 
!:::.:J

.$
 

I 
:! 

I 
I 

I 
. 

. . , ... ::::1
·:.::·::·: 

;;::j:;;.! :·:;; :::: ::::,::·::: :::::.:-::: ~
:
:
 :::-: :;·:; :;-;:,;;-:: ::·::::::: ;::·:;::::.:::::;::T

:-;-:.;;::-

W
.J: :~ ~: ~ T

L
~
 L

 :·: :;~~ :-t: :l"'<P:; :· 1 ::: :~,:: ~ ~ ~ :<:~:~T·:-~:~::1: :~: !~=: ~~~:I:~:;.~_::.: l:: :¢:·:.:·:: i: :~: ~: i~ L1 q:~:lLi~ I::: ;1::-: 
....... -:-;::-i .... 1): .. ~t"-: -~-... , r-:-. -· 

~-................... I ... -~-.... I .... ~-... I .. ='? ... t
.
~
.
.
.
.
 

. .. , .. 
t .

.
.
 , •.. 

::!.::: 
:~::1:::: 

.::::::: 
.~::.·::: 

.::: :;:: :.::.: 
i·:·:: 

:·:::·: 
:·:·:: 

·:.: ::::(::: :.::: 
::~:·,::::(·:.::::: 

f::::i:.: .
.. :: ·::.l ... ·t.:: 

:· .. ;;;:: ::.;;,;;;: ;_;;; :·::; :~:;·:·::: ;;;; ;_:;: ~~:; :~:~~;.,· .:.:.:.:. --·:1;~; :;;:;::::,::;:;_:;:~~·,:.::;;:::;·~::;:;: 
... 

I
"
"
'
'
"
 
........ 

1
'
"
 ····I· ............. ,., .... r-::.1.:":·1·"ffi.M

"· .. :zr:.' .. , ...... , .... ! ... 1
... 

. 
I' 

'1
"
"

1
' 

.
.
 

<: :1:;:; ij-:.., :7" ·:;; 
· .. ;:~~: 1: ~;: ::; ;. :::: : ~:~ ::::;: ;~--~,·~;_;:I:::·~ :-:.: -:~-~-~:;:: :: ;: 

1. 
:.: :~~r::~::: :~ ,~=:i=:: :· i~~~::-:: ~:...,-~=~:.: -~ 

' 
• 

• 
• 

1 
o 

I 
1 

1 
• 

• 
1 

1 
• 

• 
o ~ 

1 
o 

• 
o 

,. 
1 

o 
o 

o 
o 

1 
o 

o 
• 

1 
o 

• 
• 

• 
t 
o

i
l
 

o 
t 

t 
,. o 

• 
• 

o 
• .

.
.
.
 1 ! 

o 
• 

, 
I ,,,., 

o 
, 

o 
o 

• 
, 

• 
o 

o 
• 

o 
• 

o 
o

o
o

 
• 

• 
o l • 

o 
o 

o 
o 

• 
• 

• 
• 

• 
o t • .. 

• 
• • • • o 

• 
• 

• 
0 

• 
0 

0
1

1
 

I
'
'
 

" 
'
0

 
'
•
 

o 
•
•
•
 
o

l
 

o
o

1
 

0 
! 

o 
o 

• 
I 

1
-o

 
• 

o 
I 
•
'
 

'
•
 o 

o 
• 

o 
o 

• 
• 

,
.
,
 

o o 
j
,. 

o 
o 

• 
• 

o
, 

o 
o 

I 
.
.
.
 

'o
•
•
 

o 
o 

• 
• 

• 
-
•
 

'
•
'
 

• 
• 

I 
' 

' 
0 

•
'
 

! " 
'"

 

A
-4 

.. .. 



... ... 

:·:-. : :
:
~
:
I
;
;
 .. I ... l' ... ,. . . . . ... I .. ;.,: ; ; : ::: ~: l::.: i. ·: . ; I:: .. ,.:.. . ... , ..... , .... I .

•
•
.
 , .

.
.
.
•
.
.
.
.
 I •

.
.
.
•
.
.
.
.
 I ......... ,. . . . . . 

. .......... I 

-~ >H~ {;; ~ +
 : Fh;:;; hH~-Ht-H~r;: :-1 ~~H~:: :-!?-44 +~:: +1-<;; ~:;: ·++:::!:::; ++1;:: ;~~~~~: ~::: ~~ ;.: ; ::::: ~: <

 
:···:::::,.::::·: .1

·:::,:·:: ::::!·:·:,:::::::::;····;:::·!:::\::: ·::::::::1
:::::::·£

::::::!:·::;::: _:·::.::::·!·::::_·:_·:.~:·_··_··_··~··· 
·.:.:·::q::::::::T:::p::: :::::::::i::::!::::i·::::::::q:::)\: :::::::::1:::::::::~::::::::.;:::::::. !:::::::::!:.·::::::::::::::::: 
t~~: ~!:~t~:t:, ~J ~tt tt;1:~:: tntt~~ tHl~t( ~; ~n ::~; ~: :t::; ~ 1; :;~~~~t1: :: r:::t::: :1~~~ ~::: · \:~·: ::~~::: · ::::: 

=
 ;~ 

"
.:. ~................ 

. . 
. 

', .
.
.
.
.
.
.
.
.
.
.
 ; ....... 

, .......... 
-
' .. 

'1 ........ -I·' ... '' .. ·I ........ 
' 

' 
.. '"

 ' ..... " 
'"

 . . 
. . 

···~~··l·•··i····,··········!••··•··················•···········•j····:················•····:········•·················· 

IT~::;~,;~ ITl;;; ~i;;; ~ 1:; ~: ;~st±siTIMMst±t;:; ~: · ~:;;;;;; r~Gt~ftt!:; ~: 1;;:; iS:rhtt:T·~·s:is[T~ts 
s+~•··•·:.-~-: __ ! .l·i.' ·••:f••·•:; ~

 ••-•·:••IHit~••••.·• :_ . .,, :~••••:-
: 

::::::::: y.:i>T< <~ :=:·t:=·: ;~;~;;;;: :~:t:< :::.~~:::·: ::0:~~: ~~~:!<~'>><-l::::<::t::::-:::·::i:<!\~.::·::::~! 
.... ! .... , .... , .... 

:::·,::~: :::::··,:::: ............. 1
::/ .... , ..... ! ......... l::::::r:::: .......... 

1 .... , .... , ................... . 
: 
:
:
 

: 
' 

: 
: 

: 
: 

: ~: 
0 I : : : : 

: : : : I 
• 

: 
: 

: 
: 

: 
: 

: ! .. :·· 
.. : : : : ;,1. : : :.: : ! ~·: : : 

: : :: : : :.: : ' : :·:·: t : : : : : : : : : ~ ~-= ; : : : : : -~ :: : ... : : . : .~ :·: : . : : : : . : . :=-: 

A
-5 : ~~ i ~~: ~ ~: ~: l: ~:~: 1 :~:~i l ~:H~~~ ~ ~: ~~-: i ~~:~/: ~-~!; ~-: ;_=-=:= 

-~-:.~: ·:~.=:I~~: :·r~.~: i :~~ r =~~ 1 ~:: :r.~; =
 i~~: ~~~-::: 1 :~·j~ ~~:-:·: 



...... , 
·;:-:;.;:! 
········ 

.
.
.
.
.
.
.
.
.
.
 
·-~-· 

•
•
•
 , 

.. 't· ... 
i• 

, ......... t::::::: . .::.1 ... ' .,....., .......... 1.t'..J.....:..:.C 
~--~:;.:..l..:"·~--~--P---: E--r ,., 

-
···-

t·t'-
-· 

~
-
-
~
-

-
-
·
·
 

,-·r---·-
:..,~. ·• 

~tr..+,, r.+~ · ·-.:. ~T' ~ : H
·i ·::ri:: :::"':'~ .• :

c
:
f
-
~
 ±!:;.,. ~--

:;r.±
 

• 
:•-i-'-'-

-~;:'.:: .:.!.!:;.:;.:.:c.::::::: . .:.::.::-
:-::.::-1:::-.::: 

~
-

r;. •. p .;r,. •-rr..,. 
~
 

li-1
+

 
:..;1:, 

4
o
l
-
-
-
~
-
q
.
:
:
.
t
~
 .

.......... r
H

-1
--

.. .._.... +
--

... ~ .. ,. -i-•7 ..... ~
 ............... 

--· ____ :,.:....._ .• 

A
-6 

i ;:.; .:· 1 : ::.:.; :.::.:. ;_
 ...:-=1 

::::::1::: :: I:::·::.:.::.:: I 

-
-
-
-
-
-
-
-
-
-
-
-
-
'-

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
'-

-
-
-
-
-
-
-
-
·· ·

·
·
·
·
-

-



.... It 

·
·
·
·
·
-
·
-
·
·
-
-
·
·
·
-
~
-
-
·
-
·
 .. -
-
-
-
·
-
-
-
·
·
-
-
-
~
-
-
-

.... 
i 

. 
. 

~
 

----.-
--_~:-

___ -__ -__ .--. -·-~--.-~--_---.. --------... -... -. -. ·r ...-4 
• -

-
-
-
-
-
-
-
-

·---
---------·-------

. 
. 

.. 
-
-
·!-

-
-
-
+

-
-

----..,---: _· _··---~_:_~-----;---·--·---· 
---·-·-·--· . 

1-
l· 

.. 
. 

: 
··-····· ....... ! ........ -· 

........ ~ .... : ..... .. 

.. 
-
-
~
·
-
-
-
-

:r·: : !· r 
. . . 

!: · 
d 

·' 
~
-
-
-
-
-

··· \ ___ : ___ : , -/~-~: .L~-~LJ_JL t:! ~------= ... ~ !...------~--~~~-........ --~--.. -...-4 
-•--

: 
-~-:;;,_·.S+S-~ __ J

_
 

•.•. :_: .. _:_:_•_:_ :, •.••.•. :. l_~~~--~;_. _·:.__:...:. ____ --.-_ -.. -_ -.. -.. -. 
:.:·:. '!: 

·.: 
:.:_:_ .. ·=,;· .. :.··.·.··,,. 

j, 
: 
.
.
.
 

: 
.
.
.
.
.
.
.
 

I
•
 

• 
·
I
·
 

N
 

-
-
f
'-

-
-
r
'-

-
-
-
-
-
-
-
-

I 
I 

...:.t -
-
-
-
-
-

--~! :. : :!: :: ::_ .-~ .. --... ~I.~-::::::~-·::.::: ~w~~~~!::: ·: :-~4:::::.::. ~~~~ -7
 

: :·!::::: <
:;: .::i:: 

.. ·)::: :::.::1: ·: ::::.: 1·:: ::::: T
. ::::: T

'>
i:: :: !· :· >

 
.... : ·: · ::. : ~i:~:::~:: :1:::::::::1:::: i: :::r::~::::: :! ::::1:: ::l;:::i:::~!::: :~:: ::~: :~: ~:::: !: :::; :· __ ..:._· _______ _ 

;:::-::-:-:: .... , ..... x:· 
~
 ..... , ... , ... , ...... , .... l""'l'"";" .. r·"· 

"
I
'
 
.
.
.
.
 
'i"

"
"
'"

"
 

.; .
.
.
 

I 
.
.
 ::·::i::::i.:::j::::::::: :::::::-:j::::l:::: ::::t::::,l;:::;::::l:; :I::~:!::::;::::L.:::i:::l::·:: .. i::::::. 

. .. 
• . . . . i 

' .. 
I 

• 
• 

• 
• 

• 
•
.
•
 

' 
•
•
•
 

' 
•
•
•
•
 

I 
•
•
 I • . . . 

. 
. . 

. .
.
.
 I 

• 
• 

• 
• 

• 
.
•
 I 

. -
• 

; ! . . . I 
•
•
•
•
 I .

.
.
.
 I 

•
•
•
 :1._ ... l 

• 
. 

. ~ 
• 

• 
. 

• 
• 

• 
. 

. 
! . 

. 
. 
_

_
 

. -
-
·
-
·
-

:__ _
_

 

!': .: .... ·:. ::.!::::I:::: '1:: :: 
:·:::1: 

::I::::!::::·,:.:.,:::: ::::;::::I :j: :::::: :::' i·j·l:·:·:;.:: :t::: :::' ·I:: .. ;'; 
! :. : .. :. ':!.::::::: 

I:::. 
:::: 

:.:::.: 
:: :::: t: ::: ::::I:::: ::::I:::: iJ:.:! :::: :·::.: .. : :::: i:::: I:::.: ... 

,· 
: . : . 

::: ·: :-:-7:-: r::: 
::.::I:::: 1

:::: ·:::, ;: :: 1:::.: 1
:::: ; :::::::: :; : · i': :/.' ~'::,:::: :: :./::: ·1

:::.;: ... 1:::::: :. '· · . ·.:. ·: 
~~:~: ~:::: .. :. ::::: .. ::: :;:::: -:: :·:r: ::: t:::: ~ :::: :~:·: ~-~::: ~::: · :t: : ::~~~::: : :r::~::~~ 1 :::::::~:~~~:. :·::.~~;.-.. 

~~--~·i····--··-
--·-

;:·:::~:_:_:\ .:::::::!::::~:::: :·:;1;::: :::J::: •:::.:::: )'i:::l::j.V
:,; .. :!:::-1

': ::i::·:[: ~ 
. ; .. ·: 

o
:
t
-
-
-
-

L~.:~~L:~:L~~I!·:: : i: :>:: ~~ ~::: ·:: :Ti :: ~::J;r: ~u~~:~f::f:; ~-~~i::::i;:. :::-
~~~i~ .. i -~~--

,. 
. 

. 
. .

.
.
 

····~;· 
.
.
.
•
.
.
.
.
.
.
 , •..• 1-./JZI'''•i....ooo""'" ..... ·····!····!·· ... ·

-
~
]
-

.... 4 
I 

. . 
. . • . 

. . ! . -. 
! . , 

. 
. . I 

, . 
• 

• • • • 
• ... • 

• •
.
•
 , .

.
•
.
 1

': : : , . . 
r: ' .. ' ... , I .... I .. .. 

.. " 
" 

.... ! . : . 
' : 

. 
.. . .. 

: I : .. ' 
~-.: ··::· .. :::: ... : :· :::::: 

. :: 
; ::: 

:::: ::::. :y
.: ·:.·· ... : ::.:.::.: .. ::::I::·: 1:·.: :::: :~::. 

! :::·,::.:I 
~ :· 

: 

~::.:: .. ::1:: ... :::: 
:)ll:::: ::::r::: ::::::;:: :::: :::; :::: ::·:: 

::::1:::: ::::;:::: ::::1 _:·::
1 ::::1

:.::1
. 

·;·:· 

t . .:..:..:~.:.:.: ... :J~..:.~::~.:...~:~~:..:.:: 
~
c
 ::::1

:::: :::: ::;: :::: :::: 
::::t:::~j::::j.:..:..:..:_~.:..:..:..:.~.2.::..:.:.:_:,;_:.:.:..:.:.:..:: _-l..:...: ............ --. 

::.::: .. :I:::::::.' 
... ! ::::I:.: .I:::: ::::I:;:: :; ::I:::: ::::I:::: ::; :I:::: q

·:::: I;::::::: ·I·::: i.:: l:::. i::. 
:.. .. 

.. 
. 

.~~·:;·::: 
.:::l•

0··~·--~:--· 
·::··:--: ·:·:t:::: :::: ::--

:::: :::· 
::·ll:::· :'"

,--:·,··::;·:·· 
:.:· ... ::!:·:·. 

; .
.
.
.
.
.
.
.
.
 I
"
 

• 
· 

.. 
i 

·
I
·
 

· 
.
.
.
 ,
,
 .
.
•
 , •

•
.
.
 , .

.
.
.
.
.
.
 , 

· 
I
·
•
 

,
,
.
 

· 
'
'
"
 
.
,
.
.
 

.
.
 

.. 
• 

' 
.
.
.
 , 

• 
......... ; ' ..... : .. · ; "!""'''"' .... :, ....... , .... , ... "' ....... 

I 
.
,
 .
.
.
.
.
.
.
.
 ; .

.
.
 • 

"
1

' 
.
.
 , 

•
. 

! 
i"

 
.•. 

l 

!-~:+F-+++~·9:·:~+:~:: ~>f+~:; :1:;;; ·:: :~, ;;:~*+w::; ~::;-~ :~l++~+:H~g~~::: :~: ~~::~-=! ~~~~:·: ·i=·: · ..... 
, .... ;. ·!···'·· ·l···•···t'···J

···· 
.... ····l····l··:·j .... ,l ... w

 ··1····1····,····1······ ...... ~ .... ! ....• :. 
_, .. 

:: 
. 

i .••..•.•.•. '.-•.----•.l~··-~·_·._-i.~:.....-•·_: ... ,_·:_;.~.;_i1 ······!.~-.-~.-.1:l4 4u'~1 :@ ,i· 8~,* t,-j,, ~Si~tlrtj!S:,,~ -i ~j ·"-Hl;:::i,~~J 
. 

·--'---'---'-'~i_:~_.! .:..:i' !.U\ 
::;:IIi:! :;~1 

•
I
 

I 
.
.
.
.
.
.
.
.
.
.
.
 , 

.
.
.
.
.
.
.
 , .

.
.
.
.
.
 , .... !,. ' ........... , .:; ... . 

A
-7 



[; __ .~-:: ·: -~~-~:·:· ··T;:"I:·- -;·:·,,::!---: --i,.·::.:' :_ :)1,:::~,· :. , . :~ .·::~ :·: ~~:!. :)J ;~· .::J~n-. ': __ -, : -- : -., -. , 
··:: .. · :· ; ... : I· ... -:: ,: . ; ., ·I . I : .. ! . :_ .. : : :. ::· ·[ ... 1:: . ·j· ... : ; ! . I ' - ·-··· ................... ,. ·•-l··--- ·--, ................. ,. ' ... ...... ..... .. ···1···-- .............. f .. ·····~--.. ..... . , ,,. I. . I .• ,.. ,, ..... : 
.: ·1 · · 1· .. : . . !:: :.: : : .. : · · ! · · : . I- .. :: ···· . ·. · · . ·.:: : .. ··: I . ·. ! ·. : I D-AT_E _________ j 

TEST NO. g" . li 

o·~ 

.1-:-::- ~~::· :~.-:. :~B--:···:: :7- ::·:: ::::r:::~ ;:~:<T ~::l:lli Fn =:~~ :i:T ~:~TT- --::~r~ •::T··: ROTATION CHORD TIME , ! _ :..:.:.:r- .. :t.:;:
1 

:::r·-:~ :::·(·- -:= -=:- ::: ··=:· :-:: :::: :·=· .. :: ·=~= ==·· :·::: ··;·= ··~: ··~· -:-:·:r=· ---, ... _ -... T j DEGREES INCHES MS . 

:" ~ +1 :~1 -~. l' ~]W :-,--~ ~"-- ~-:rl-_- w-w-: ~t: ITt - .·: _-;Ju :rm -r :11 -3°0 · -~ -- --r=-~ 
. 60 

illlLfiii'' Lf''" "--i····-8{" "'· --'' '·r'· '"' '-'-- -"¥" ""f" "" cc.' ""W-' "l-~'"·1·--
~ 

6 
~i-1~ ~-L!~ :i~ t_e _-l~. ~= ~1iE ~1!~-: :_fr. jJ: 1 j! i :w !f~l mil- J Tl) 1J , , 

, ~ X - --- -__ ,_ ------- ·r· -+ - -- -- --_, -- ---- -- l~ -~ t----1---l----1 

-,. . . V- // I ,. - --· - ___ f_- ----1--- ___ , ____ ---,-- - -1---- ---'-- -- - I 
~~-- -'f - -j 4.0 ~ ~~//( 1 I : :! r j_,. -- !--- ,~;_ _ _:_j'-: -+'- -+- -. i 

..... ,... ..... . 

1

._.. -v~~- . . . __ . , , . . 
.·.! :. i :·- I . i : /;/' II : -,<_, -·--:~-- . i. 

t • . • ! I I . 
.. . . -, -- : . I f I I .. 

i 
i I · . ,. I ; l ; i ./ - j·. I I . If'· , I 'I ;I I I I 

I . I • ') 0 I I I • • . I ' 
. . . . ; ! I . I i ! ;- i . ! I I . I : . . ~ 

Figure A-1 (Cont'd) 

. ~ ... 
·j 

·'· 

i 
I . i 
I 

I 

·I· 

! 
i 
i I I 

•' • 



... 

.. :.1/ .... 

f-
-
-

·-

~
-

f-
-
-

....__ ·
·
-

-
-
1

-
·
 

-
·
 

·--· 
--r---= -· 

:-· 
... -

---
r
-
-
r
-

-
·
-
~
-

·
-
-
f
-
-
.
 

:1:::::::: : .• -
-=

t --t--·· 

~
-
-
~
·
 -_ 

-
. ·-

. 
----:=

t::=
 

-.::-:---:::::--. 
. :--

. -.:_t=:. 
--

1
-
=

 

i-=
· 

. 
-

f
-
-

.. 
~
 

.._
I=

=
--

. =1. 
-~-. 

--'--· ~.-c.::::.._ . .....,._
f--

~
 

-
-
f
-

-
· 

_;... 
·r· 

... 
• 

. 
-:--c

 
. 

.:::::::··:.· 
. 

~
~
 

-
-
-
~
 

-
·· .: 

~ 
~
t
=
'
 

.,._ 
._

_
_

 
.
1

=
-
-
.
 

f-.-.=.:. 
I 

~...:;_e;:::::::l--1-· 
-t--

i
-
:
=
~
 

·-
j
· 

_
_

 • 
·--<

--
--·-t· 

·-
t-

, --1-==1==-: 
j:;-t::;~. 

-
. ..t=·-f--..-~ :

-
·
=
=
=
~
-
~
 

-;=
 ~
 :··:::j.::"~_-:.:. . .

.
,
.
.
.
.
.
_
~
.
:
:
:
~
 ... 

-
-
1

-
-
~
~
 

.
.
-
~
-
-
.
.
 

-.----
--+

 .. 
·-·-

-
. ,,_ ... 

-
-
-
~
 

.:t:. 
-
-
·
-

. 
...... 

~
 

. 
. 

-. ·
"
'
~
 .. 

... . 
1·-==-

. 
I=

=
$

. =--1..::=· 
... , ..... -

-
-

.. --.=
!=

.:. ·-
L 

-
-

-·-....,-==t-
·-'·· 

--•-t=
=

F
: 
-
~
-

·-
t-==J:"-

·· t-=:-:::::t=c-~~: 
:;::::~~~=-~-

r=::7=~-=-~~:-t-_: ~:. ~t::=:J: _ _j-
~-=::t:_::-

· 
~
t
=
-

-
t-:::.... 

· ___ ,... 
-~ 

t==::t=-
-
:
.
~
-
~
 -~==~::::: _

_
 r_;rk·:..,::::.::::: .:..::..:::t:.:.:. 

..._. --r-::. 
-
~
 · t=

=
t-

---+
=

:: ~
 --:-.:t:=::::~-=t.-=-::..--;:;:: ===1 

-~~::::. :::::-. 
. ·-

-
_

_
_

 ,_:::=:f::;:~.-.• 
·-

-----
·-· 

C:=t.~.:.::-: =='----
:::.-r:-::::-.:: .... :::j 

_t-_-
-~---

·---r-.. -~=::::-.:.c.: ... f
-
-
f
=

_
;:j 

:£ 
-

. 
=-~---

---.,...-=:;;;~;~ -
-

1:-::::'~·-:...J..o,;.:;;.J.· 
·-: ~

-
-
-
~
-
-

·--· 
:·=

t::::·· 
. 

• -
-
-

·-·-·---f.:. 
.. 

' 
t::. 

•. 
"-i 

-
-
-

1~;.(J 
--K

-:: ~;1.:::: 
~---.:;,;.r-..;r,e!!'~ ;-..:..d~--

·
-
=
=
r
:
-
-
~
-
-

. --~1::-:.:t.:.-~-:t=:=r: 
·j 

·~ --+
•-··· 

-f-
-
· ·

'-
• • 

-~--
·---

.
C
i
~
·
 

.. ,_ 
~ .. -... 

'"
' 

t:::::::::· 
... -= -·--... , .. 

·-!--· ::C
 

·-· 

:.-_:±.:.:-.f-:.:::t: 
·-

-
1

-
· 

-
·. -:-:--1-==f::=·l::=~-:::=1==-=J:=• 

=
-
-
~
-
n
:
-
~
-_i::::-~-'---

·t::::::..t:=
· • 

·1-=-t--:..:.....~::="· i"" __ I---f~:· :1 
~--r_,_ r--.E

 
. ---=-!::"-

-:_--::j:::::::: ---·· -
-
~
-

• -· 
.. 

. • 
::j ___ q

,
.
_

 :E
{:::-::::t::: 

-
-

-·· 
--l 

-
-
-

~,..._,•:· 
-
-
-
:
.
-

•
•
•
•
 

.
.
.
 ~
 

.
.
 

o
, 

• 
_

.
.
 

-
-

-
·
-
-
·
 

o
-
-
-

... 
.
.
 

-
---=--

--
I 

'
-
-
-

··-+
---

--
-

• 

A
-9 

N
 I 

<
 



i
-
~
-
;
.
.
.
.
.
 

"
i
:
-
~
~
-

--·-
_ ........ 

A
-10 

---
-
-
1
=
-
~
-

s
::E

:· E·--'-
1

-N
 

1
--f-l· 

.:'"1 

~
~
-

~
F
 

.-

---:::::::1 

). 

1:-· 
···-

-
· 

-
-

... '· 



.,. 

A
-ll 



.. .. ~
.
 

A
-12 



.... " 

A
-13 



... ' . Ill. ' ~··f . ; ;~:, j'l; IIH 1'1 ~flJ 'lll •; m·~! llll m~ 'UUI!Jll~ J•;; ji:l ::fl'!ll ;ll' l'i !1:: !::: :'j' ;I:; II!:;::::.::;-:; 1: :li: 1!;[ '~· 1 ·h ilf lq H."" •• l Htf tttJl 11 l.r it l i •r i+i \1 t L ~~-. .I; I 1 ·l r·.l I ~ t . . . .., mt l I I T: tl.. I; ''ff . I " ' ,, . ol ' ·. . . . " ' ... '. . • . ll .. ' . . . . . . . ' . . . ' . .. I ; . ·. !·~r~ t11""1rd-l -r-..--rJ. rd~ fill.. Hl"l H rt•. tP r T~ ~~--- ~tr. f ~ .t 1~ •. ., i~~ I 1 •. · ·1'H-::· ' 'th' . !•r t·•l ...... •:·· ''!' •• , •: •·•• I ·•!· 'l'~ 
::~., •r•i '~" ,-H .. .,.f+..;t .. ii•lt~.H !:TH. l t ,.;-. -· ·l•i II i ·~ IT lbJ u •·! j 11 ill. ,,. !7i~ l-;:r 1' rHr ~ l jfij T!f lff-; ·:,;: ~::: :;:: ;:::~::·· ::: ::: :~ ::;~ :1:·, :u: r~1- t! .. P ·r:= .!-lt.f~...:."t=t .:.-. Lr . .t:i~t 1 t: :-...=..: 1t:~ il•~ ;~ · 1 • ~t 1! 1111 '~11 iT 1

1 ' •• ; ;~; .. 1 · ! !:;~ =~·: -··· ·::: · :: .: ::; :; :;:~ !-~~ 
l.;.: ~~.l ·.·~lfi-~r. -·l- aH ,1ft~.~-'.;.~ .R. ~- -'-- .r .. ···' .. h .. l : h;: " , .,tl +;ii 1 ,, . ij.t 1-, ·:·' Jt, .J ~ .... , t. lU t.;.: · ·· ·· · ···. ··lf.r. :11: 

[n!F~ili ,r~t t~i1.q~l~ !!.ft~ijr ~H!Hll:tl ~nf;{ ~{ l i~~lnm fill @J!!P:I~ I !l. m wj.t 
1
1" .·

1 1

1
11 'llf~ Jl J ,r !! f i _l! m~~ltt 1,fJ1i {m.;i.j rt~. ~~ffl~~j jj{[ ~l,·.l'l.l~i!lll!!:j :,f,'l! 

+, 11.n tw •.• ~ ~ ti 1-H • + 11 H d. 1 ~ ··-· q; .• !JJ 1111 11 11 -~~ r. ' . 11 ~~ 11 1tll1d 11 llllm~l!l .l.. ~~ .. ~-~...: 1. , 

t1w~~r n1· .,. i ~!f · i' · ·1 ·w 1 Itt::;~; tf:1 i ill 1lll i il Ht 1tt. · 'Hit 11 .q ~ 1 j jllj lt;~t H !i 1l. 'l'ljlU :;;:iT ill: illl '·1mtt 
Ht,Lt+ tHrt lh, 1 bnf ltti,,-,,!Hl~ II ill i it~IH1 ~tl4 11 lJ t[t .!1· .liJ,,.,t 1 1· l":.::.:J• 1 .:!.Ef':1 ! llllll~ 
:r;:ftj ' t11 '-' r f!-r If Jt·c .•••• - • I· 'H l:t . · ' ·1 j • H It 1 I ·1 1'1 ~!-r rH~ ." ... ,:T1. ! •· ]•· jt I -q :n 'i- itt 1 .,.,tr,, , d l·l .. - . . . . 1; 11 ,1 , •••. ,., 1 •• 1 1 .. .~;l; ~tl ~L w. m ti·H . I :tm !i;; ;.r: fiti . It I I !fi fftf 1 ft l: ~1 If I J, If ll '111 pi, :!.I l1lilllt 1:.:! ;:l, dl! !.tt !.dJl 
:i;•' H1flttl-t ·til ti+ Il I v VH n nl= ~li; H!l l .,. II jt11 I! . Itt{ . 1·! 1; I! 11 jl' ,.q l'i' 'Ill n: i.!j i!il :~~= ljJ! 'lji! 11 
~itl~ttilltiH!:tHH~.l . ·t~! j"~:~~::dl ;'I :.1' ·i!i!_ .·.~· ,. ~u.·· T I I . 

1t: 'J.i:i!;!Ulh±l!~:~:~i~~~~~hf.lq~ 
:tH' t-r!1Jllf jlt; tt1t~!~i . ~~ 1 1111 ·ll:P: :!t J. 1{ I ,lt•Jit 1 · . IJ.ltJ.t 1 t l. li! ~ 1- lit 11 1j·ll· j : ']Jii 11 i)Ji 11T1; :::r :lJr J:il :• i ;j;, ;.11·1 ..... ;t nn 1 t. .t •. n+r i+ft +I 1 ~ .J tH • ..,_. , 11 ~ 1 It U 1 tl t:lf.l . 1 H .~ , . 11 HI 1 dlt. ,,. ;jl,, ........... , .1 , 1,~ ... , 

:ttl{lts~ Mn!tlirtHt'!tt. tt Jt ~~t- ··tt:F7=~ .. , lit~~~. tt i r'til· + . 1 t+·r· '1!. I IJ t t I d il' pil' liri ;;:i i;n i!fTTI i !lll!-iTIIll· 
-in-+ 1! t ltt tr ,1ft~ .w n H m .Hl ~,·- r~ itt ~ . rr l 1, t r . li td iiti l,, .!.:.!1 .!.!1.• !W ll I 'Hl Ill 
iHi !j'f i lit i+; ti ~ . H Hi 1.4 :j.hi r,_; -1 If l ll t1 L! . li It j· I t i • lit! !lin !!i'l :;!i jl:f 1j'1i tjti '11 i11l!J 
:tljt u.t ,llr it: t:i 1 11 fi~t .a Ht±t=H~ t I f I! t1 ,t: I ·~ { I l I : l! } 1 ~;l! •. I ]•j: !!:! ,t;l; q !olll.ili~. 

/fM 41'! H#H lU.tt-1 .r . i .f · Ufr Ef: L.n li lh t. H , W .i l .. :J I H 1 . l ' PI~ illllll! HlUlli lW till lfU 11lUl 
:lli:!.Vftrr11f!:J:llt .. 1 1~ rt tt' rl'iF:ttrr 114 ·rh f l 1 ~11 - t t1 1111 tnl'' 1 lf+tlll'llTIJjl'l~!~:~TI~!riJit~:,, IUltllftHl'··ldttiio·l~ t1 r 1 .Hi,.fll :1 1 l·. Ill I 1- If, I t II I 111 l '!,,{. dt ... ,.I;;J .. I, It 

mrm· m no~tf Jl 11 ! iht M1t fffi w111 t. ·' · · 1 · · l rE ~ f 1 t l 1 r . tll1HU UJ ini 1111 Jill t!Uilill i 1 n lrnWJ r~t, t · 1 · I 1 i'_..~ •1 · · · l rt t 1 1t Hi' Jill r ;rt:;t :~J· 111: 11n · t 11 
!I, j,. !Ill illi ~~'!. i :n .! !!! I (11, '" I !.'Ill llr11 I I 11 ' 1.1.111 I. (j,; nl! ill. lln ···! !,( !,, '"' llr 

:r 1 1t~J ~~ m ff'j.IHH un ~· n rH P~{t!: 1t.il uw I 't .. ll lfl 
11 

t H !fll_l lltli nli lllllml.· Jill jlll U11111ij'llj ] 
..... 1iW H 14tt .1~ .l tm tw i· 1m "cJj,~~.:IH1 l n11 · i • r~ 1 t 11 !Ul~ltrp ffi; H1, 

1t 1 ij:J ''=! t11-:f+l1·1 rtll 1 ~ :rm !ij: lttt: 'T 1 mht~l. ·II ttt .. L'l"l tm~.!:41t.J 1 :Ltll . . l rt i l .l •IJl l l lt,! lrd b ~ ql~ 1)1, i1: 1,1 : . ll 
rpt.t'V;jUrrl.tJirnr~:l:if!· ltnr.,(.ti1fE£t~Jt!l~~4i1l .~1. +f ~· 11l.1 1 1 itt fjJJII;fHI!IIJ!1.!;U;lPi!'IF 1

1 •1·ilt~·ltJ' ,H!~IHt!+ft•iliHnt+:tt .u.<~-t1rt-•-•·"' :~ 11 r 1- ~:t • i 1111 .ll·dtm ~:.::dll~~i:l ~ 1.1-1 
Hli trJj Htf Ht; 1Qi+fP.1lJ' tlf {El Till ±ttq~~ ( Jl • ft , t · t t: 1 t i i l'l 11 \ it I ljl! ffiT iJJ' 1 itjt !!!i liJ; (!'lftrj j. 1 ••. t .!ti1Hl-+··· P.-4:al, 1 ~' t!· t tt tm .... , U. , 11.;.. -t 1 t- • T • 1 1 , ' •. , .1 ,,,,, p;1 .. ,, .... ,l;t 1, 

Wl- 1trtl,. ~H .. l!l.il HiH.t:t!l p • d ~F Wt a~j ~fit I i H ~t ii ~it vI 11 ijT'11i H. Tt=ft If T f I I li ;l !'I '11#· j' mllijij lij ttrrllli ;~;~ idi 1j'lj'; ,. '1 
~8-4 .II [., ,j, If f• 'y h·!+l ttl q, .,. l I T t .11 II il+i tt 11 H il 111 I ~ :t ,, I •t 'It ... I! "'l id. :1 
rii' ,,.! tl1 '11' il-l. 'i' . •oi: ·i . T .,p . ; I ! 't! ! I ., It i i 'r' rt T· . F;~ 'ii rr:l~ ; 
jJllHHHh!nllrll!l! t 1 !J1Hti liffrJ~~dl1 ·1, i ·1t1 1 ttl!l ~{;l :flltll I. I l:lt d i ll1!IHD, nhtiill!dl!i!l I! '*' ~11 ''I 'li· .,1. ri ·t lftrl iljj jLli 1 ~· ,;,. r. 111 j lj I I I j 1 rr l!,!' . . I I ' 'I J '1'1' llli !'li •:j• ljjl !;11 II r lj' I It~ ~H !:1: ~·1, d tdt !.!li !11',1: ::~~; li i t . . 1 ' / -tJI I . lAA L ~iLl ~ U+l 'I·! d ;II t I i 

L h , l!t! u11 ttl , i J m1 nn11n 11t: ill: 111 11 :1 11. 1 n1 il 1 fHfiTIT 11r .mi!K.ITTI n1 d 11 111 

lll.lllll Hli :rn .ii.l•lll! Jill mini !!IIlli nn ilfi. IIIII!! ljl 11 T i! n lm i liT T -f! I f' '. l''llf'tli llil Hlljllll uu lfrtffi+ !filii II l . I :Hi '!lj ir':: i! ::~t''lll.tT f.l '"' i1' ::i;' !: l n ! I I In It 11 1!1 I l T I • I ; r I 'Til ll 'li ::t: :ii: ~:~.I' rT ih. td; l:!f.,}i..l~ i}!: ~;!i l!L .! J .rd ,J.I L!I ~~:: !lihiL I:! L.l .I! dL ., i 111 I ;, .. • t\! 1~ I!~.! I I t, . !11, ILl It::::::::: !11: d I dTJ . 
~·~· ..... , ··q V·· ·····H+t~ .. :··~· ~~·- ··t· -~,~ ..•. ~··· ··~~ m··.; -~ ~··.I ill .-·~lliT· II' .1 .. ]'1' ... 1 ,, , •.• ~~;· ·Pr' ~~·I'~~-·~·~~~~~· ............ ~~-,b.i-:'~ ..• -,~· 
J! . ' t '': r II' 1 i !' 't ! • I • I ill t I' . : , ' ' I . ' ' . '.: I ' II ~'t I I I ' I ! I . I 'lli l' j I I; I I l l " ~ ' l I • I " . j . ' . ' , • .. , .. I II I .LL; !i[i i.Ld~L;U lj L li~l1..: llll~ ~ . l t . I-Illi . ~. ! ; 1t" . . . . 121 [': .. ~141. ! i :!:: ~!1 G:! !I' ; 
!nj ~~n nri iHIIlll li!llllm11 !ill tm l!P ~t :m 111 11 rr t 1 n,, 11~ 1 ~· 1 11 111 _ 1'11 ! .l ~ 11 uu uUIIJ u1 w: uH iL! I 111!1 
Wl !IUJH Ul HHUU Ull !lU HlJ till Jj.U HE lli!

1'i IIi] Jlii1~ll . I flllfqiltiXl~'bltmJ 1
11 . I m1111mll 1 j~i rn~~~ ti!lj'li If!::!! q: !!ii !J!ll.lj1

1
l[L 

w! 1Ii i ;j!! !j! :It! lllllliluill UlllliiUiU i; I i [ tlillfllili ~u II ill n lllill uJ.li ilil.llillll r ll ll m ill ill t I I il fllillllllic lU.i ilE UH J.U lW ilL! l 
Figure A-2 (Cont'd) 

j. 4: 

• 



...... f. 
. . 

I 
.
.
.
.
.
.
 1 

I 
I 

... , .. -.. 
,. 

I 
. . 

. 
. 

I 
i 

. . 
. .

. 
I 

: 
0 

I
•
 

0
.
 i 

I 
" 

. 
. 

. 
. 

f. 
. .. 

. 
I 

! . 
. 

.. : 
: . 

. 
:.. 

• 
. 

' 
. 

: ' 
. 

,.. 
. . I 

: i :.-. 
. . : . . . : .. 

.. . : 
.. I 

. ; 
: ! 

l*_ ... · ..... :':· . 
' 
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
 
,· 
•
•
•
•
 

k 
.
.
 

I .· ................................ ,.. 
. ... , ....... , .. 

I 
::I: 

. . 
' 

. . . 
• 

.. 
. . 

. 
. 

I 
... I 

' 
' 

• 
. 

' 
._

,. 
. 

. .. :.i.. . 
I 

. . . 
. ~
 

. . 
' 

I 
... ' 

. 
I
.
 

I 
. 

. 
. 

. '. 
t:·-: 77-·i_~--~--~·;·---i~:~s:~ · ·k~+·~-~-

:;'--,-~-:--~~-+-r :. 
! ----~~-r.~~t--·-.. -

----~ .. -r-
. 

; 
, ... ·-·--t_ ...... J. ............ , ....... ~

a
:
~
-
~
-
-.. ---~-·-·----............... _, ......... l .. ··-._:--

..... ... ..... 
I 

~--
.; IH:' ;H:·; 1iH 

:HH:::<:,·H''}~~~+_:~ 
,___ I \ -

1--1--+----1----j~------L---~ _,.. __ L 
_

_
_

_
_

_
 J_ ___ ----t~ 

I 
i•-•: 

d
1:····1•-·: tiliill--t\i-

-••-:••r•·:·-• ·•••:-·•1 ~~M i 
: r·H 

! -• :~ 
r: .---~ : __ --Jr~; 

:-[H--,~: ~~~---Jir:--!~ ~--r:, 
l_ 1 -~--;C----

------r-.. ~_:_--~--.-.-_::_ .. :-.:-~:~:::~_·_. __ ;_::_:_·_ .. _::;~;;: ::::~=y~J( :::-~ -~ .. -~.·;_:_:~~ .. :.· ~-·~.:~:~=p:: :-:~-~~~~-~ :::::~. 
.......... --~·--· 7~.~~~: ------....,.----

,__; 
::::E:.: ::·:T::·: 

J:T~: 
1 

::::J:::: :·::t:::· 
...... 

~::: :..:.... ::: :; =. 
=

 :;·: , .. ::. ·=-= =
 = t~=/. ·=--=~:; =

 =
 :.:.1: == =

 =
 = :.:1 =

 === 
=

 =-= .l: =
 : ...... t ..... r-... · .... 

=--:=:::· ~:-=:==:==. t=::= :_ .:; : =
 .. ·. 

: =:: t:. =
 =· 

!::::~:--~-:·.::.:. 
:-::: 

::~.:f:-::·:.::-:·:v:::;;c=-!:::: 
:-.-··~r-~:: 

·····~·· 
·::~·::::: 

::::::~:: 
-

, 
N

 

... 

A
-15 



P. '~!~ ,.1,!,. q:: ::1i: :1!! :t: :lj1~:1~r-~·~~ n1 w.1: ·r-111 nt'tlll·~~ !',·~'t 1m ·111: ~-r''"l',· ,,,1'! 1,!1'1 -l-IT li , :n ·~:~~ : fTr,l :~: :,,·1 ~1::-::r:~r·::-:-r,::l·· ~l~:l-:-·-:~-1

1--~-... r .. :~: .:. 1
1 .: I I •• I •• ' . 'I •• I'. I II I I i I' . I· Jl ' ' • :. . I . : ,. 1 i • •• . •• I •... I I: I ' 0 •• • • i . I . . . . I . • . • 

'I'''··-··;...-;- ·~·-'•·•· ....... ' -· ·rl'. ·~ ··T ··rm: r··· rr-:- t··· 1'1 t '· + '1 Tr;.. -~· ··- -, ..... .,...., .... , .,... ... .. . ' . . ... . . . .. . ....... ' ............. ,,.'(II' . I I ... 'I. ''I I . . •. •I· '"' 'I ,. 'I'' I I' .. ,,., .,., ...... , ...... ,.,. I ' ' . . . I 
I • • • I • • • ~ h • I I . . ; . • • • : I I • I • • I . • . . : : I ' I • I ; I I ' : • I I I I I I I • • I . . . ! • I I i • I ,. • • • I . . . . . ; . . ' . . . I I . I I I I • . 

l ·f·· • .. • • •. , •. I''' I 1' I ,.,. 1,,. ,, •• I • ,. loo I' . 'II' !j•• II ••• ···I I' ., •• ' • • • •• •··· •••. •• I • • • . • • • I 
~-~·-~· -·-·~· ~'·--'+'-'r··~·-'~··~· ~-~'rl' ~··-''·~·-'~··~·~·~·~·~II~··-•~· ~I~··~·~·~~·-·~·~~· ~··T·~' ~''·M''i-·~·~·~::+1 1~·~' -·-'~' -· ~!· ~1~ .......... ; ···_,_ ·· ·· _! --~-~--!--~,----h--·----l----~--- ···----~---~ 
! ::: : : : i. : : ; : : : ; I : : : : : : ll ~ : i: : i: ! : ; : ; : : : : : . : :! I : ; " ; ! i II : i !: ; ; il ; ! : i I I i ', : : i : ! II : : i ! i ; : ; ! : . ; II :; : . . : ; :1 : ::: . : : : I' :: . I . : . I 
I : ; 1 ; ~ : : : : : ~ : : 

0 
o ! ! ; ~-: : : : : ; I : : d ; : : f ; + : : : : ' ; ! i i; : I t : : I i 1 1 i ; : • 1 

: : : I : I · : l1' : : : : I ' l l. ; : : ! ! ; ! ; ' : : : : ~ · ! : : : : : ' ' : • ' :: I • : 
1 

··.-- ---~·-·· _ .... ·-~- .... ,. ·~·-'-·T··· _ .. _1"'' ._....._ ... , ..... .,. .. m: _J_ ---· ~--+·. ·i __ J. •·•••· ---- .• :.u , .... ·•·.·· ·.- .. ~-· -·· DATE 7:/z. v· ! ........ , 
I ·~·· ........ , ........... ;., ....... , .. ··'· ............ "· ,, ... ,., ··~~ ··~· .. ,.'I .. , ... , ... , ............ , ., 77 . 

• •o,oo: •••• I··· •••• l.tf ••• 'I' ''!; I ;, ''I .,, ...... , •• ,, ... , ... ,, 'I' •o•l :1 I 0 •• ,: .•••• •: 1 • ••.••••••. ,, c;..... 

l:::q:::~ : .. : :!:: :::; j!li :j:! :,,!!iii id! II. ::1' ;t:: I 1:: ,, :;;;·:·:I It 1!;: ;,:j :. 1 !1;: ;!II j::. ::• j'l :,;: .: 1--------'---'----- .:..:..~ .. ~ 
r.-;-,±IJ,,,, ·•• loo• •• j oolo Jll'' D4' l•lt 1!!1 ••I toli •Ill lolo 'I • ''I ''I' ''I l••tllooJ 'I I 'I''' Ill' II• lo• L.ol •'I' • TEST NO 4 • 
~
.: .. ,, .... , ".··.I, 'til I 'I. II'· .. "I ··~· ,..; .,;,,'·"'I 'I'; li I '1••';11' II· I I'' I'' 'I" .. o .. r .. , ,.,. ... • •• 
•I·· .•.....••••..• 1 ,,,.I 'I I ,.;. I•. I' •.•. I''' ,,o, 11'' jll • •t •:· '-r!l I I I ~-'' ,,, ... ,1. ill• ., •. !' .. .... .... .... .,:, ...... , ''J' ~ .1 .. "''1':!: t'··~: , ... 'IL!'" 1,•• ''I''!..!-' • ~ Li ., .. !" 1, .. ,.,. '"' :,.,' l 
:-::- .... -:-:-;:---:-;-:7-·:-:-;- :.T:" .. ·. •·· 7!~7 ~~~;~'7:7: ~r.:-;-:-i77tr.t-r • •t ,;J.1j -,n-i1Jt ~~~~ "i7 j:j• +II!"-:::---;. f7i. ~:-:-: ·-;- Ac:-0 ;./~~LI,.. :·:::· .. · ... , ......... : ............ , ...... , •. i• .... , ..... ,, .,., 1,., :rt: ., 1. 'l·!.: IT'! 1•1; •• , ,,,, ., 11 ., .. 1 .•. 1. ,. . ... -r..J nC/lv ... . :·::: :::: :~:: :::: :::: :; ; ~ :; :: :::: : ~:: ~::: ::; : ; ::: :::: ::I: ~: ~: :::: ~!;: ~: ~-: ! ::: I~~ ~:,: ~;;: ::.I ::::;::: :::: :::: ::: __ . .:_;~~~ 
.... !· ........ ,, .... 1. • •• •. , •. , .. l·t· .. 1, •••· ., .. • :~. ' 11· '!" ,,,. ·1'1 1'1' ····I, .. •·I· ·"· •· 11 ·~· .. ,. ··.•· .... .. ROTATION CHORD TIME ±··. ·1 

I 
......... ,.,, ... , .. , .. , .. , . "I '•it , ... "'! 'I', .. ,,,'I' I' .. .,. "I' "tt ,,,, l''f ,.. 'I',,., 'I''.,, .. 

-~:~~:~:e.rH::+,:.;i:-::s :r.:H1't.r'~;.; ;7;~+~;_·~rm··i;-~t--1ffi,,l, ~~,·17 1 ;.,-+ !'f fu::: ..4;-+-~-: -:-:-;:;:..r:-r.:-:~~ DEGREES INCHES MS .. < ..... 
: • : ~ • : : ; : : : !. • • :. : • I ' i I ' " I ; !. i ! i ' I I ! I I : • I . I : : ~ I 11 1 ! d . I . I ; II i 11 ' ! ! ·I' 1111 I I U'l : Ill' I : ; : : ; : : • I : i I. I : : • ;, .. : .. · . . '•' ....... 1 ... 1 ,(,, lp. ·•·· :j! .•. 1. 1 ... •U ·'L .• II ··LL '.l.' ,, . I ' li q I ..... ~ .• 1 .•• 1. .. • ... 

: :::: ;:t: ·:~· ::;: :!!,' i::, :::: :1:: ::1•1 :::! :": i!1:. 1:1
1 

,.;',!@·': :1•,1 :
1
,·; :

1
flt lJll~ ·

1
:1,·1 -~~~~·~ I'·~- .: .. .. :: :::, :: o .. : .. 1 ...... ,f ..... , ... 11 ' .,. , .... I' 1 11 .. , ••••• ' 1 •'1 1 I'' ,., 1~+f1. I I I!. I I' • I ... ,, ''I'.,., " .... . ..• -··· ·'··~ ,ot ~~,; •··· .,. 1 • 1 ., .;1, ~-· • t tW • . t 1 r 1 1 .• ,. 1 ~·1 ,, 1 . •r1· •i • •··· •. . o .. :1 

f:-- 7" ::;:y;:;:- :-:-;.r;;-:-;--:-:-:;- , ....... 'i'· , .•.. ,,. ::;;-T,,~ -:-;-;-t· :-:-1: 'I'':-:. ~ttn ~ •. , ti-:-: r,: ..-:~ ::j:-~- -:-0.-:--. 30 .. -:--·"1 

::::~:::: ::::1:::: :::: ::~: :::: :~:: :::: !:~: ::1: <: :;:: :~~: ::i! '::: :.:! ~::: :-~!1!;~: ~1!: ~:~: ;:;+ !:::14~~ :;:: ::! --:--_j 
.. .. . . . .. . . .. . .. .. : . I . : . ~ I . . . . • I . . " . I : d i " . . . • I . • : .. . ol • • I ' . . !i . I . I : I ' • I • I I I 'I· .. I . ' I . I • I. . .. . . • . . : .. .. : 6 0 . . I tl··'············ ......•.. , .. i'''l'~'·o• 'l'll'l'''l'''lio -~~··t•'l ,,,,,,,,, .. , ..• ,..... .• . .. 

b.~: :~-r.~; :-:-;-: ;-::..Jc;-:-:: ;-,~:-i--T-7-~1· Si ::,; ~~rr,· ~-~'tr ~~~·n·, :fT.-,:t~·· ~.,· 'lm~ -~~·: ,·:·!! 7l'r~ r.-1·~-- ::;~ :;;-. .;.r:: ~ ""AX ... -~:-· ·i 
:::: ! ::: :. : ~ :I:; :::! 'I~:: ::! : : ·,: :I; :II: ·,·I . I:,.: ~·,I :I:. i I ! I!!: : :. j,:! II: I f!·l! I! .I I i ' I' :1; I lj ! II . : i' : ~;: ; :. : I 'II 1\'1 .1j ... 
:-:-:: :~:: :::: : .': ::; : , ::; ; ::: , ;

1
: ::II: :'.: 'I': : 1' 1; 

1
·,: '1 : ':: 'fl 1'1:: ~ 

1
• ; I I i lJill

11
: •

11
, • 

1
•!: ': • 1 I ;, 1'1 :Ill'· .': r;: :::: :I: 6 0 

~.::: :::: i;~i ~~~2-~lri-8 Wi. 1:.: l.U! i~i: u~~~l ~~.:11 ;,,_! :llil1-.il d:! l1U !.1 i.!i lu !J;: ~~: ~~~ d~J I~ U t------+-----1:---- ~~ ~--~-
......... '" .. , .. rr-:,71',, ...... ,. ··1T ...... :;;, -;-;-rr , •. ,,~:t;- I -:-1 .. ,. n1,1n- 'I" .. ;t .,. .,. !~ ... .... 30 . 

-~ ···• •••• 1' •••• 0
' ' i• ·••• ,,,. ''• •I•, 'I' •·•• !:II 'I 1 1'1 ••t• t'l• • I 1'1' 1 r• '' 0

' 'II "! ,1 •• 1 ••r • 1 
, ••••••• ••o• •••••• •;·· ••••••• '' 1 .•• ·• 1T .;,.,,,,I;. 'I .• , .. 1 1 1 1 II' ...•.. , .:.1. •I ., ••• :I . 

• • • I : : -~ ~ : 
0 

: : ' : , ' o : : : : : : • : : : : : ; : , : : : : , : : : : : : : ; ~ , : : 1 : I : : : : ' I .' ; : • o : : : : : I ' 
0 

: : : : : 1 : I : : : : 
0 

: o : : : I : I • : o : : ,• : ~ •---~-- -·-i 
;J> 6 72. =: ::. -r ..... ·. :. :. . : . . ::; : :! ; ~ ::.: ; . :: : ~:. ! = ~ i .. ; : :I;! :::: , ., ! ; ::! ~ : ·u :, ! . ; , • ·I·= .

1

.m.: i • ::. : ~:; . :: . ::I :. ~ :. : i I o . , . . . . . . r: . . . . . . . . . . . . . . • . . . , . .t! •. ±. . • • . . . . .. i •••• I , , ~ : , , • : . • I • . , • I • • . • . , • . • • . m· I ,, . . .. . ""' .. • . .. ! . . .. i 

:; :i~:r:::·vi:~:: :::: i:~T :if., :-"j:! ;f;!lil!,·!! :;r.ll :Til .r:·l· .,.,,~,!li,.....l'!ltl-;-1 n,·, trll.~,iltitriT:;IIh,l I :-'1·,1·1 1.-1 ~:: .:;,1 !:s: :j'!;sl. -~~r··' ... " . ,., ::1 
:!!: L :y .· .::. ;::: ::1, :,J: !!!t :i.: !lj ::i :.:, ::: .1.: . !li: ... ~liil!llll 1!, I I. "I .I ::.: ·:~ ::;: :t:: 1!~1 ·::: !::. ·::: :~:~1 :·r-·:::!~j·::'l:. . :· ·I 
.......... ,, .......... ,.~,·I .. , ... ,,,.,., .... ''" II''., •. ''I' '"I., .. '!I' ... , .. , !·! 'I· ... ,,"4 ••••.••. ,.. ••. • • • .... , .... ·I ... 'I .r-.j 
.......... ,~/. .... • .. ~! ...... ·~··, ......... , ~·. ,. ". ,., ·u·. i 'l·~ .. , ~-·· ... ,.. ..1 .................................. I . , . . . ·::::·:::1j: :::::::·.•::::1;::,;:::1:!.·. ::::!''i::.!: ;·.:tt: ~· l:i :!;:l!::l!.;:·:t., 1:•:!:·:·:::': .:::·:.: .. ·:.:: ··,. ··: I·· 
--.. •r-: ........ v·· . ...... ~- .,., ·~·• _,,... "T" , ... ., .. ·~•r .J,, . .,f,' . ·~i.l- ~ •• J..: •t--- ·+•· ,._. ''I ... ( ·~-Lr·-.............. -., ...... ··-· ~·".. ..... ., . . . 0 1' •... ., . ·•·t •. • 1 'I'' .. , ..... I I • I'' .. , ..• '''I ··~·· I •o •• 1: Itt• '1•1 ., •I •• • ••••••••• o•• • I •••••• , •••• • I 
• . • • • . . / • . . • • • • I. 'I.. • . ' • • . '... • • ' ' • '.' •••• I i: I. I I' . . . . . . . . . I. • • • . • • ' :t\ ~ 'I ' 0 • '.. • ..• ,.. . . • • ' . .. • . 

8~\~ ~·.::= _.,/..: ·:~~,:.>~ :::: ·::: ::: ·::: :':: ;~~~:~~~~h :.~: ;:.: :::: ~:~: :::: ::~: .;:: ~~~~ :~ :::: :::: -~~.;+-:-- --, -.-.-~ 1 ---~· oo•i·---~--- I ...... to .... 77 .... h .. ~~~'... . .... ,.~·'I ......... , ... , .... ; ..... ,., ··l ·I' ., .. I·· .. , .. I. ... .... ... ... .... . .. • . j· . I , ·::: ~-- ::.: .: 'I ~ 1 :.:· ·::: ;~~:··:,II!.;.: i:l. :1;: ::i; i-ii .''i iii' 1~;: H1i!. ;: 1· 1 :: 11:: :!: ::j' : .. : ;::i ::: .. ;. :::· :;: ...... : ,_... ·: . .:; j 
~:-:1!-:-::: .. :~ :-:-:~ ;;;; ;·~rjr: :~1 ;-:- ., .. ?f.ii ~..,.I'TI ~-~~1 :11; 1·fjit Tl .. l''j :-1;~ !~~~~ -

1
,-;-f r.1 .i~ ., t l'j' .~;: ;l'j111:· :+17f ~~-,- •1 ·~~;. .::-; ;;i·1 1-:~: ~:: ~:-:: 7:-::i:::· ::- •

1
--:- .... , .. -~·-:·:·; 

:::: :::: :::: ~:~: A:r¢iw< ~::':: !:::~: :. ::': t::~ ~~·: I ~~~: !::! .:'! !~~~ ~~:~ ;~! ~~~: :··! ~!~: \~~;:: :.:: ::::_ :::: :::: :::: ::: ::::':<· :;::::::: :>:.~--1-~ ::::r:::: ... ·I· .... ·.·. . . . . . . / .I I' ••. '~!-;.;I' '-I II' l' I'·J .,,, '''I .,I' I !li I· It I !I .• I, ,I' I . :I, I 1.. . I' '0 •..• '. . .. • I I .. .. .. .. . • .. ! .. .., . I I . .. .., 
~:::1.~:: :::!: ;· :::: ::.: I .. ;' .. ·::! ;·.:,~, 1..: .:~! I.:,:! 'I I Iii, 1:!; !.:: ::, !:·. 1::: 1:;1 : :· ·:~i ,::: ::!: .j'' .,:; ::·: :·.: ·:· :. 1·:. . ·1'1": I .. : ., :-:-:-;- :-:-~: ... :r---·· ........... L,_ / ···- _,_ .... ~- -.-r '"I '-'· ·"-+r ... ,.r ~T·,---1 ++i, ..;..'1'' ·-- j.l.+ ·-· ·-· --·- ·-·· ~-1--· --· '--· ----, ......... , ....... , ............ , • • • • • • • • • • • I. • I I ••• I I.. • • • I I. '.I ••• I I I I. • 0 I I. 1 ~ II I I •• I • I. ..,, . . . . 0. I I.. . I.; . . • • • . . . . . . . . . 0 • • • .. • • •• ~.I -· ·-. .. .. . .. . .. .. .. . . .. .. . . .. . 7(r . . . I . • • • "I .• 0 • I I I . . ' 'I I ' ,, .,. I • I . . I • I I • • .. ' I . I I I • • • . •• I • . . . . . . . . . . . ' ,. • . . . . . --. . ' ' . ' ,:·: .:.: ·::: · ' ::·; : 40_:~ :: '/.;- : .. j·::· .· .. ~;.~ ... !~:~ ::,; ::. 11 . : i; !.r! :i_i_• ;::: :;1 ;: .:" ::.: :l., ·.· ·.:: ::·: :~..... ··: ·.: ..::.:._:_ .. _ --~---: --~--~ 

::::.:::. ·~:t:,.: .. :·· ... ;: 1::,. i .,. rul .:: :·:: ,·~':~"iN~rtttj;.:_.·-~·'' ·,·1:1: ,li't :,,: ::~·· I:·,!U. :·,~~, ::I I'll' .'1!: ::. ·.:: :.:. :H:: :·: :lli·~:-"' :·q. i i ... ·I I''' ................... 1, '''! •O I • • I I' '• ., ' •• , i81' i!• I l' I u I . ' I '11 I I It o• .,,. ••• ••• •• ..... •••• ,_., ......... , .. 
', __ :._ • • • • • • • • • I. 0. • '. I. I. • I I I I. I I I.. I . I ,, • • '..; I I • j 1-1+' 'tttt I. I l. I I . I I • J; 'I'. :' 'i I. • • I. • • • • • • • .,..-:- • • . • . • . • • • f.. . . -· ... c··-· .... --- ..... ---.. ·-·~·-'- ....... , ... /J"""T+ti'11::- •-~.-··. ·~· rm·· ·r·· IJ ~·· .. ,...1 ....... ··r··-·· --· .. _,.r_ ....... , __ , ... ,_ ....... : ..... j 

I .. • .. . • . • .. ' . • I • .. .. .. • I I ' ' • ' I . • 'I . . . I . I ' • I ' ' . ' It ,. . I ' l: ! I • . I I . I ·I· . .. . . . . . . ' .. I .. .. ~ . .. I .. ' .. I . .. • . . .. . I 
• 1 • • • • • • • • • • • • • • • • • • • • t • • l ·' 1 • • / • • • 1,, • 1 I , 1 • , • , 1 t-;r~ 1 1. • , . • . , 1 • • , • • • • • • • • • 1 ... • • • • • • • • • • • • • 'I . . . . 1 • 

::1: :::: ::.· ·.··. :·.:. __ :.:. :::: :1:: ;::: ;.:_:· ...:...:_ ::.- -·~~· :.:.! ::1 ~~:, -~;-H~i~j-~!1.:.'" ···! ,.t . ~- ·;,:_: N.CH'c' "i! ....:~~ .. :: .::· ·::· :: ...... · ~~-:- _ __:::_ __ j .. ,. ;¢· '"'I"" ... ,... 'I' , .... , .. , ..... t-~y-, .j/j ~· ., .. ·:!·~ljj;-;-11 ,.,.~ -~'\.I'·' "•I .,. .. ),.. ~'-' •· ....... ! ....... ~:.. ., . . . I 
~::;-: · :;__:;-DEGRE,ES ~:~. ii;~ :::: ~·3· a·::::::: ~:!:.·A'.'·:::::·:!~~:::::::.::·:>~::~ ::;-:;r~~::·=:::-:~ ·:;: ::~: ::;:,~::: :::::::: · .. 1:: ... :.:! , · ... : ·---r .... _. ··--··r•·--t r·•··. ·r ~· . ~·" ... )•J·,······ ., . ..,"I' -r.- ., .. -;- ··- ... ., .. J .. ,,,. ---, "-···-· ···-1 .... - , __ ( ........... _.1 .. -, ............. ·o . ::::I:. . . : ., . . ... i .. :. ! :; . ; ll: ; i:: '; .. ; :I. :! ! : :. :. :: i ..... I;. : /II: i . .. :. : : :·:: :! ; I :::! :. : . : i; :! ; . :::: . ::' ::I: :::: ... : . : :. ::I:.: .. i. . : I :. . I 

:H·:;i;·~;: .. i;~; ;~:; ;:;; !il.:.i~ ~;;; l!1:i iiiiTih l,'ii: ;111 ii!: ilii;·a·l:i!rr:; ~ 1~~! ~ltrt(l~~t-.l.!;j,:·n'!n·,)f~l(m1: ). :II; i!li ;:~; ii:: :;:: ;:;: :~;: ;;:; ::~;~;:: <=!·:.: :::-~: .. ~~,:-~ .. ;~~~ 
--:-+- ------ ..... ~~-· f~n--:-···-t~· .-,., .......... t-l+h .. ~ - .. ,_Ill~ .... ,,. ·~ .. jt! ·rH-·rt-J~.,..,rrr~r: .... ~ ... r-t-,- ... , ........................ ~ ............ 1 

I • :: : : : : : : : ; • ; : ' : : : ; : I i ; I : i: : I : • I I .I I ! 'I ; I' ! . 'Ill 11 i : : II i ' i I • I II j : I ! .,, i ; II ' : : II ~ ! I ~ I II : : I ' : ; : . i : : : : : : . : : . . . : . : : : .. : i . . : 
"t:· •I ~·•; :·:: "•' Iii• 'I' •I ' 11!1 •I' iLL . "j j; 1'•11 llj' I 'II J ' ''I Ij I''· ,. :l•o ;o,, f,,. !; -;'·II'' '· ,... .. . ... "I . J ,. I Ll. . t ~ t • • I I ••• I I • • , . I • • I ~ I I I •• ' I • I I I 0 I .•• I ••• ·. • I j ~ ' • I • • I . ' • . • I ' • • • • ' • • • • • • • . . • . • • . • • ---. ____ j _____ . 

It\ 

Figure A-2 (Cont'd) 

' ... ~ 



- . ......-~ --+
-+

--++-++ ~ ~
 

~-
•-r+

r-~
 rt-t-:-

f..+-.i..+. 
r.. 

i::-
. 

....._._ ·'"'--t::::::::=-
_

. ~r+-tt~ £":-
-
~
~
 "
'
:
±
~
 
~
 ... 

. 
H-+"-+-

-
-

• •··~ '-H
-
~
 
.
.
_
~
 

.,........_ ..:::::;:::-t:::;::: '":: 
'07"T • 

' 
.... _ ... 

~
.
~
 
~
~
 

·-
....,._ 

. r;rt-
t:::;.!:~.x!-

r~~+-
1

--+
T

 ~
~
 ... 

-
~
 +

---
r.-'-i 

~
~
 
~
 

-
~
 

,...,...,. 

,-+-

·'-+
-. 

A
-17 

.......... -
~
 

, _ 
·
-
-
~
-
-
-
-

.......... ~
~
-
~
­

.. ,
_
~
-

------_,. 

-::r E
 

_;;= ~:t:rc 
;....,..._~ 

--~~-:----
__ ,___ 

--
~
 .. -

1--"--' +
---!--

-'---­
-
-

--'--
-:=:::::-f.:-'-

~
-
.
.
.
.
.
.
;
,
.
_
~
-

--
=

i-
·
 
~
r
-
:
~
 

-
~
 P-ti:t===~=t== 

-
~
-
-

. 
' 

·--
-=-1="..:: _

_
 .._,_ 

-
'-

'-
-
-

---

---

·--
~
·
-

-:-:--
r---

~" 1-r:--:­
.
,
_
.
.
.
.
~
_
.
:
r
~
 

z 0 H
 

~ z r.:J 
H

 
0::: 
0 C

l 
<

( 

s 0 0 0
)
 

-
-
-
-
-
,-

-
-
-
,-

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
:-

-
-
-
-
-
-
-
-
-
-
:-

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-



--~ '-
-
-
-

---' 

!~·~:~_;_:~;~::~:-~: .. :!~:~~~:~:~!:~.:~~:-~:-~:~=~~i~.:~:i~-~~=~::_=i~·:~::~~-~_:-_:o-~::~-:~l~:o~:-~·~:_::_._.:o_·~!--------~i:_:_·:_·:_~:·_o_::~:~·--__ :_:_:~:.~-:~~-~7:~=-:~--~~:: _
_

 . ___ ~_--------·--------·!o_· __ ~ 
___ :_~ <L:::.: .. ! 0. :-:: ~~ ~! --: ·.:!.::. i::. :::. 

-------:· : ________ -'--· _· ·_o_~_-___ · ~: ---;---------.-·--~--
-
-

----

. S(i 
0 

0 
• 

: 
I .. :: 

0 
:
.
.
 

! 
I: 

0 
• 

: 
.
.
 

I 
I 

. i:; :::!:· :: i:::: :: 
0 ! ... 

·.· rv 
__ ~-.. -.·_·· 

_;:· ___ ,._:_:_.,, .. _: 
... ·_', .. 

1
,·· -~ 

i,·-~.--·.· 
·.: 

·
-
-
-
-

·
-
-
-
-
-
-

-
~
 

. 
.·1

 ..•
. 1'0 __ ·-.. l .. 

_ .. _:11_ .. ·_:_,_·· ..• -·.. 
. 

J 
. 

_ .. · 
-
-
-
-
-

I 
:;_

 '. =· :i: .. ,
I
 .

.
 :-j :-·.::; .. :·:!. :: :· :-:..·:. 

I 
! .... :.;. 

•: ·-..... -
-
1

-
_·_: _

_
 ~
-
-

,
_

,
.
.
 _

_
_

 
-
-

·
-
-
-

:·o
--;.:·.·: .. --·::0:-:--· .. 

: 
. 

!' 
I 

_;· .... 1-
... · .: ...... ··.=

: .... :-___ -__ -,,...._-_--_-;-_1-. -
-
:-

r
-
:-

-
l-

• 
1

-
•
•
 -

•
·
 •

, • 1 • 
,J

 
, j • 

I 
4 

• 
j 

.,, f. 
• 

:···• •·• 
-
·
•
4

.
,
 

f .• 
, 

.
j
,
 

j ·-:·:.:. 
. ! : 

i_:. :_._· l:::: ~: ;~ i:;~:!~~-:.;j:~: I :.:.io: i·:·;·. i;: :; J::~:!_ :·; i;·:~~: ::: !:~.~:~: :.:-~:;;:: ::j :: .,. . !,: :: ·, 
:· i · .::.:!.. 

-'--~----· -----~--·--

' 

l 
:
-
.
-
-
·
-
.
 ·:----:0----.--0--

l:::: ::: ~:: :: ~::~:~ :::·:J:-~::1 ~~: 0: !: -~: i: :~_ 0: !: :.:.:: :-: 0~~:~: :i<-: t:::.:r~::-1:::.:.~: .: :~; ·:: i 0 :;· i: ~:: i · 00 
i 0 .. ;·t-

, -· · 
1 ... '' ;...;.t 

' 
..... I .

.
 : 

0 
I .. ' 

I 
0 

0 
.
.
 

0 
,
_

 
0 ·I· ... ·I· 

0 
,. 

0 
0 

O
o

o
 I ... '.

'.
 

0 
0 

0
-
-

, 
.
.
 

' 
.
.
.
 I 

0 
.
.
.
.
 
:
.
 

• i 
. ' 

' 
I. 

····'·""i··'·j··--·j 
·o·i···O

IO
·O

··i ·:·· 
... , 

.... o ......... , .. 'I
'.

 I· 
.. 

--'·1
'--·j--· 

.
.
 i 

:~:1 
: 

r·~o+~:-i~~:: :~:' :: .. : :~_;; ,: ;0:.:. : .. : ::; ::::::: :': ;~0 ~:: :·:0 :~_~;; .. : .. !:~ :; ! :;0: i ~~:_::. :0· ;:0: -·! ... : i.:. ,_ 
.-
.---:--------

•·• 
·i···.1

 
.... · ............ , ..... 1''" :·---

1
,
·
 •• 1 ........... , ..... 

----•
 

.... J .
.
.
.
 ! ..... :-· 

.1 .... ; ..... , 
.... 1 • ..... 1 

• 
• 

. 
l .. ' . . . '. •. . . .. 'I

.
' .

.
.
.
.
 ' 

.... ~ :. ··• . 
. -

' 
~. ' 

. •··. . 
. ' 

! ..... I 
. '.

I
·
 · · 

'' · 
1 • 

1 
r 

• · • ! 
· ·, · · 

-
• ·· 

I 
I
.
.
 

• 
,_

,,, 
• 

,_
,_

 
·1

-
•.• 

•--
"I. '•··I' .. , ··r·, .. 

. u ~:I:~~~-;': IT
. 

:-~: r 

A
-18 

' .. 

.. ·
-
-
-
-
-

/"' 



... 

............. , .... 
;:::i:::: 

!;::~:"::: 
. ::.:I:::.: 
::::1

:::: 
-·····'···· 
····'···· IT~~-: :::t~:: ~~;;p) 

..... , ... 
-
•
 •

.
 

I 
• • • • 

: ::~ .-· .... 
.
•
•
.
 

a ...... 

:·:-:-:!:::: 
_, __ 

. 
. 
~
 .
.
 I 

... •·• 

--·•···· 
:::-:·t:=

: 
:·::: i :::: 
..... _, __ _ 

::::r:-:.:: 

~:-~-~-~~=-~-~+~-~~-~+1f_~-~-~~=-~-~~-~~---~~--~-~-=+J-_·:_~_:~·--_~+--·-_··+.-~:-~-·~~~~--~-+-+·-··-·~-·~-_-:_::_·~.~.~.:.~.J.~-~-~-~-~-~~~-~-~~.~-: .. ;:~~~~.;~_1._:~.-
::-.•. -.-.·=.t':_.·_.:::_ 

I 
---___ ::·:.:::!::::.: 

:\:--
. 

!:: .. : 
-r 

-
-
~
 

-
--:-:-r 

::::.::.::-: ::-::: :.:::· ::::.:-1:-~::: 
·~···· 7:7=r::-~~: 

.:~-· ..... ·o
:::: 

r:·:.: 
·:·: 

.. ·::::r::·~· 
.... 

: ·::j. :T
 

i: 
.:.;_ . .L

 . ...:.1 . . _.;....:. 

:::: <
l:·:i:: 

A
-19 



.:.:.:..: ::: :: .... : l"-. 
. ... ! ... -...... -··-

-~.t.:: 
: . .:...·:-_.J. ,__-_:._: 

:_~_·_: :
-

___ · ._-:-_·_-._::. 
·. _: :_._: '·: 

. : 
:. ~: L:: ::: 

::.;~ i: : . 
. ... :1 :·::: 

...... :.,:_. 
.. 

·f 
I 

. 
:
_

-
:
:
 1·:.::: 

::::-:I··-~-: 

~~-::~;::-::~~:-:~;~L.~-~:~r--~~-... ~j:·.-.:t--~~~: .. _~--:_:_.~·:_~~+:~~.-~~.·.-~ .. :.·~~~-~~=-~r-r--~~~.-:::;.:.~~--"~-~:1 -~-~~--~~-~.l~~-~-
···-•··-

···---·-
::::1·~.:-: 

:r· 
:::·l. . 

-~~::· :::.: ::..:.:!:::: 

::.:.:1::.:-:-:. ~~=: r~: :::::-.:t=.:~ :~ _J: . .:::: =~=~~ ~::-:1 :
~
:
 

: ::~i :.:::_:_ -.. _.:._._::~: -:-_:_:::-:_· :_· 
:_: __ :: __ .. j:_:_.:._:_ ·.!-_:_: 

7~ ?_; __ ::_-:_-_:_::_.~,· ~-·:-:_·.1 . :: __ ~,L-~: __ .: 
___ , _

_
 -···· ---

----=t·: ____ ... , ...... 
-
-
J
-
~
r
~
-
:
r
:
:
.
 

--~~:-r.:..-. 
-

-

~:_f::.:·: =-::.::t.:::::~ :=.:}=~ ::.:.:.-:.1~:::-~ :-:J ::~: .:.:~t, :~:: 
:: ::-1·:: ;·;· . :...... 

: :_ :_-._· i.·:_·:.-: .. !,_:~_-_:..._:1_ .·._:::-_-·_,_: 
:_':_· :_:t,;:.:.:__·~-· =

 ____ ::_ .. !· :.:. 
·
-
·
-
-
·
-
-
-

..... ' 
·
·
·
·
-
-

-
-
-
'
-
·
-
-

•
•
·
·
•
-
'·

·
 • 

... 
·• ,..::,:, _

_
_

 
,....... 

_
..., 

• 
. 

• •
.
 
I
.
 

• 
'•

 

... _
, ___ -=-r:..._ 

:
:
:
:
~
 .::·=t---: .:-:::-:::::: :(;.:: 

.. ·•· ...... !·'-.
.
.
.
 :r:::: 

·:·:=
J ::.: : ·::::I:::-: :-::-: :.::::::-=

;::F
 :.:-: 

: ::: 
:.:.: :_~: l"""_:..c---+--+--f-·-· --+-··· ~-.. ~-·~· ·+·-·-.. _·!-----1f-... _ .. +·-· .-+

. • _ .. 
-
!
.
 r-~·:..:.;:_J,.~.;.: ;..:..;.;::-M

-: .,..· 
· ~:-J._: :~::-1-:-..:..;..:·:-+J~:.:-; 

.;:::~::::: 
... 

··---
• •••.• ·J_-_._ •..• • 

•••·.· .• 
•.•.• •. ·. 

·-·-·-· .. -.... •. 
l 

~...... 
--~r---

::=
1

::=
 

1 
I 

......... 
:_·_._:_._: i' -. :_:_.-_ .. 

~
 ~:· .: : :·: 

·.-.~: :.:. ::.: 
·--········ 

:::: ·:::: 
~:·::· .::: :;::i::, 

-·-· 
---

:: =: L: :·.: 
:: :·~t: :.::. 

.. . I' . .. 
.. 

·t ... ~. 1"0~::-.-+-.-.. -.!---+-_;_+.-. .:...._ +., .-.-•. +
--+

-+
 .. -.. -l_

 -
.
 -.
.
 _..:....~ • .;....: 

_
_

 ..:.._ r:-_..:..._:...._ +-.-~1_-.:.... 
.. +_:..;..:..._~t~-

;::.:~::.'·: 
::::t:::::: 

::::·::::: :::·:1:;:: 
:=:-_:.:_~:·: 

:-~:-:;J:;:.; 
::-.::: :::·_:l:-::1:.~-. ·:;:.::: ::::f=

 
1-:-:_-:_j-: =-.:-+: -_

 .-..
 + ,.-.. -. +-.-.. -!~!;--.-... -+

. -..... 
-

......... -.. -
1
~
 
.
.
.
.
.
.
.
.
 :. .. 

. .. 
.. . 

.. ..... -:r:-... 
.. .. 

;-•·-:-:+
=

--
........... ·----

. -
........ · :~~=-:::: ::·:-:-r:::::: :::Y

::.: :::::· .. : :::: 
::~ ::::::-~::-:· 

:::·:!;:.: ::-:·:c·: 
~::!· ·t·: !:::~· .. :+:.:-: ::-::t:: 

. 
~· 
=

 :::j~=}~ =~-: :-:-=-~~~ =. 
=

 =:: <:~=:: ~: ;,~=: :1': ::,s == =-:--::-: 
::: =

 i:: -B~i: =:. (~ =
 ::; ===<~:= .. ~=~=: :~: =:::: :l.c: . :::p-::: ::-::. =-= 

::~:. ::.:. 
::·~ ~: .. : : .. :~·· :: .:: ... t~:~:r:.:-:-:-~:::j:::: :-7-:-:-f.--

.::: :-:~r-.:.: :.:· ..... 1}-:-::t~...:: 
::: ~:. 

·.:~ .. ~:~ ~::. ~:. 
1 

..... ( .... r)~ .............. rt. ...... ~::.1 ................ ·j· ................... ··--
... ,_

 ........ fl .. :~· ... 
·-

··1-
:-:.-·,:::: 

··;::t:::: 
:::: :;::: 

.: .: . : :::: 
::::; 

::.: 
:.:: 

::-:: :·::: 
.:·. 

::· 
.·: 

··:·::· :::: 
~::: 

::·::.·:-:.: 
::::--

:·.:-. 
:~::1..~:..: 

:·:.:-:·.::: 

=~:=t~~~i :~::~!:::: ~--.:-.~--_:-~~----=.~_~: ._·:_·_~.:_·:_··_: -:.·:_· .. :_,: ;~::~~.%' '~"'"" I ~
~
 , ••• : ~~=~~-::~:.. 

:::•: :·::J~·::~ 
. ....... 

.. .. 
I 

.............. -.... ·::-.. -.-
=:-:-=--:-:-:-1---:~ 

•. --:-:::-
... 

---· 
-
-
-
-

• 
:·::·:t::·:.: 

I 
I 

' 
=::-=r:.:-:; ::~:1:.::: ;::.;.,~:-:: ~-=·::~::i~ ·i~·~; ~~~1 i::: 

~:·:: :;.: :~:·:·: : .. i~::~ :·:: :::-: 
-r:.: 

:::.:1==~~= 
:-·::~=-:.:.: 

~-: .
.
 : .. 

A
-20 

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

··---
·----------



... "'· 
; ; : : I : : ; :· ·:-:::;j:,:::-::: .• 
' ... ' .. ~

.
.
 

·-· 
' 

.... ' .... 
·-· """ '-· ···-

•· 
~
-

• 
1 

o 
• 

• 
• 

• 
' 

• 
I 

• 
• 

~ ' 
-
~
·
t
-
·
.
-
.
 

.. , ..... ,, 
:::..:! r:.=.: :::: i:::: 
··-,.. 

. ... , ... 
-.. 

! ....• 

: : :· ~ I : : ~ : 
-
t
 • 

• 
I 

• ·
•
•
 

•
.
•
.
•
•
.
.
•
•
 i 

~
 

•
.•

•
.•

.•
 

...... ·-----· .. ---·-··---· 
:-::-: :::=.:·;-__: :·:-:.: :·:-~ 
. -

-
-
-
-

' 
•
.
•
 ·-I 

•
.
•
•
•
 -

-
-
-
-

::.::~:-:::.~1 :=.::-::.:~::=1 
--······-····I-... 

! 
.
•
•
•
 
-
·
 

: ;i:\j: ~:;:::::: =~::-• 

·--~ 
.. + ...... , .. ..,_ 

.n.:·:· •••• 
.., 

::-:----1£s·-..,. 
-

~--·~--~·!:±::.-
.,..._., .. ___ ·:;:;:+

---·· 
.. _

,I ... J.i± .. -
-·r----f-----1 .. -· :.: ... ~ .... :: . ...:--:::-... :.:·1 

:::-:--
:-:..: ~ ·~:-:--¢ 

r:'··-r1 • :~= -r.:-::::,.......:=r.=±-::::-.:c:::::· ~r:;:::::::t::::::-:;:::::;b.-: .. 1.-;;.:::::.. .:.:::::,.:-, _ r---J---1:::::._::.:::: ·-:-_ .. _._.1 : . .-:: .' .·.·-
__ --.-•• ::-.·:. 

-
-
-

···----r 
..... ;-· 

-
·
-

........ 
.. 

-.--.~-r---~1...,-~ .... ~
 .. ,

_
.
.
.
.
.
I
~
-
-
-
·
·
 

--t-· 
................ 

·
·
-
t
l
·
~
-
-

--•of'--.... --
-
-
-
-
-
-
-

-
----

. 

' 
' ....--' I 

~ ... ., 
I 

t ' 
.-~~~ :1·::; :• , .• ~J •... 
·•-r-o

·•.' 
~-... 

·····-
t
.
-

•.. 

•·.~··l:f:'f.j' 
... jl 

···-'::ttlt.·· 
,,.,. ,.,., 

..... ~. 
t··H

 
,~-·-~·--·· ........ ··-··· 

......... ~
.
,
 ............. , .• ~·· .

.
 ·· 

....... ,. __ , .... -
............. , .. _ .. 

-; 'lt
 ·r 

. -
tr

 .. ,. 1:':'" 
•-.. t·'f" ~~~~ ......... , ... 

-. 
,.._

 •• ·r:-+
-f· 

r
-
~
-

!~~:!:: 
~; ...... · r , .. • -f. 

., I t·· 
.• , '"

' 
... ,.,., 

., ·-
·-

... .-..:r.,. ... . 
~~-_.:.: .. ·1 :. :·:-.. : .. -: __ :.._~--; __ .i ... : .• _ ... _l, 

~ n ,. ·.. 
rt+i-

~rn. 
;~:::::r;-:1:t. ·m

:t ·.;::.:;~ ~...+ . .._ 1:;!::-r ~
 r-p:-; 

; r:.~-
:::.;.~t; 

;:::..,~ :.-::::::.. ·::!.:..: .:.::~:,=.~:: --
-

, 

: .. -r.r ··'t:.t tr.r.: ·:·~~-· 
r;.-r·IT-T-1 

·:·;::r..:~ · 
~-'-~-;:r.. -

~
:
:
-
~
~
 .. ~

:
.
~
-

..... :;.::-.::::-:::;:~:.-:;: :-..:.:·.::!:.::,.. ~::::.==L...--~...:::..:·.:i.!.-::: 
···--!· .. ··-,···· 

....... _ 
·r·+ , ....... ...,..,. -··· 

·.·'I' 
•r·::-r • ..,.,..., 

t
-
·
·
-
~
~
 
....--~~-~-· 

... ,., 
~~-,..-

~ ....... r+
 -·· ....... ::~···~ ·····ili·-···· 

~-···· ·---
-·--t·•·"

• 
··-

· ...... , ....... , ..... , 
:: .. : 

_..1-,...., 
• , .... t ... l. 

, .• I··· ···~!""'1-1.;.::;:::;:::; -~~-:...;. ................. _.... 
.... , ... .;... 

1
-r-"-+

-
.... -r--· 

f''""'-
.................. ~---

, .
.
.
.
 
-
·
-

•• _. •
•
•
 ~
.
;
~
~
-
~
 

... _
:r ......... : :-:-:·;::-:::~ ,-:·::.::::~:::.:: 

: :;.: 
;;:1 JHJI+H: 

1. 1 ·1 -. 
r+ .1..;-.r.:;: :;.7 .... ·q:;::: .;r-t:r :;.;:r:;.t!~~ .::;:t:!:~~· "~"'-~r'!:!:t:: .:.::;-; :::::..! 

!.:-~:. :.:::: .. :~1:·::.:. :::::J: :·:; 
: :::.t!::: :;..::::~::. 

:::: :tt; 
il.::t~~ •• -~ !.t. 

t· 
t!" r::·:-

:-:·:J· 
Lt;-~~:~1:.;-1 

:q:p:r.t.t.:!±.!:":±:t:~l~ 
:
~
t
 
~t:T 

::.;-:· 
!·::~~ 

:
:
-
-
;
-
:
~
~
:
!
:
·
:
:
 

:::.~L:·:._-:. :·::::::·::: 
····f·lt~ 

··t·~~·--· '1-4 
t~-· ... _ ...... , , ....... ~

~
.
L
m
'
-

·~~· ... _ ....... _ .......... , .......... 1. 
.. .. , .... ! ...... , .. ····'····!··· ..... . 

•··· 
• :.· 

,,.~, 
,..l; ·, ... ' .. :..:!'~ 

"r::;: --~-~l:',:'·h:l:;:c;.. 
,:::::b-:-:: .!-:=!-1: ::;::::t:;::-..t:..:::--.... .::~ 

;::·~.:i:.~~; ., .... 
-···· 

.,.. ....... , ........ " 
·.·:.·:,_:.'r-.·-... ~·.·1:.:_:.:_·:_:,::_:~_: 

::~~ 
::.~, :n·r-!-

I"' 
•
•
•
 

, 
•
•
 1-t-t-

r--~-
.t:r--· 

--t:r+ .• -._~ ..... 
L~.~-.-

-----
·-~-· 

~-:-t-:.:.~-~ 
tr···· ··'· 

:::: --:-:::· :·:::; 
:·.:--:.: 

:::-~ 
-

, ... 
:q

t J::;-:'1:::: 
'I""Jiffj· 

~;",. 
·
~
 .. 

l''"·'"rl""1lof.i!!";'l~· 
~
~
-
-
.
 

. 
. 

.... ! .. ·
-
~
-
,
 ...... , •• , ....................... , ..... , 

. I 
H:!ll~ 

•·1
1

. 
r• ·-· 

-
•.. , 

: 
i !i_ 

• r .... T1r·-~ .:::.-;:!~ ·r'-;::: ~
~
~
 .~:1.~:: .... ~::~ --~:i.!.!::!. -f'=-~ --~1!-i~-K-;:!-j: :~.' r:l:_:-• ::.;.~-:-;::·:.;: ~;~ 

:·:.::!:::: 
: :.::-1 :·:::I::::·:~-:.:::' 

r
,-

, 
t·lrj_ 

It·• 
.. , •. , 

·1-•· 
r 

1· 
...... 

•·-1·:' 
r
'-

r
+

 
....,_ •··r-····-·· 

···~1··-~-,·1-
,_,... .. ,.., ... -. 

., .. ,..,,., .. 
•···• 

.. ,. 
r
·
-
·
1

·
·
·
·
 

· 
.•

 , .
•
.
.
 

I·P ft ::Lr, n.i: 1..::::: ::.:j:'t• 
H!: ::;:~;·c:C:':T. :J--r.;::: .n.:r..:. ilii-

~:!.:· :i::::±l.!.'.:;:..r :r..:-;:J :p:;~ :::::+ . ~
 

.... :_:! --~·-
.· .... _. 

: ... :_·_·:_._; (.: :.·.-.:~_: ti __ ::.:.·.:~.·. 
: :·:: i: :.;.:I: .. ::.;::: .. '! 

lt:~~-
t.::r.{ 

r!r!.f:t:q1.:.;·,... 
r..tr.:~·~c;-~--:-:r4t-:;:r.t:!:' .... ._,...:·:~~:~r.f:.t_i.-:. 

'.;:;;;~-=:.:!. 
·:.~·:: 

~-::-:;::·:::: 
:.:.:.:1.:-::.: 

::···~:.:::: 

A
-21 



-
-
-
-
-
.
·
-
-

• 



;I> 
I 

N 
~ 

~ ,. .J· r 

.. ;-., -~: .. ;-;;-:-1.: I[' .,. '!I'' I ... ,. !II ''111'·;•,·-r:-ir-1·:-;-: ;-~:-":",:-:-:-,,lr;;-:-~1'7": ~~::·:~,-;;7:, ''"_Lt\lu c-·-TI·r :--:r·~-w··-···:-:--1·----~-- --·:-:-·· . -:···,-···--·I 
o1 jl • •• •tl• o I• Ill ,. I •• •· •••I I !! I ' '''I ''' 'I' ' Ill ''' ' !' ' I 1l•t 0

1'1 i: \_~ '' '' ' "I ' '' 0 I ' ' · ' I • I' .. • ........ I • . ' ............ ''I I' :li ;, .. 'I'' "I 1•11 .. , .. I" . . .... .... .. . .. .... .. . . .. I . • ! ,, ··I ,., ... , •. t• • • I'' I • .. j, ·'· 'II I I • , •••••..•• I .,. ,,.. . • .••.••• , .. . ., ...• •.. •• .. • .. • I . .. . :. ___ , ~-· .• , .. r· .. , .. ~-- .... ... . ., ........... , ..... ·r·~ ....... -~ ~-.... , ..... ·-· ............... 1 ........ l ..... - .. :. . . . . . .. . 
.. ... .... "I" 'I'' 'I. I' I'' ...... ''I ' .•. Ill lfl" '"I' ... ,' lo "I' ... 1 • ., .... , ........ "".. • • . I. • I.. I .. I . .. ,., ........ , .... I, ..... , .. , •ltll•········!·•!''•'·l·,······················· .. '''L''... . . 
: · ::: ! ::: : :~ :i; ; : i ~ : t 1m tr;: ~iit iii jf Titt :! ; r ·n i: -~:;: r7fl· ~~-l ~:~ ; ! :: 7 ~ ~ ~; 7 :: ~ ;l:~ ~: <: · :i ~;_0 :. ~~~ .. ~---=-~:~-~ .:-:::~~-~~~~~ ·::~--~ -'- .. :. ···rl- ..................... _ .... ... . .... " ... , ...... __ __ ...... __ ...... ___ ........ _ .... ___ DA... 

1 ~~~; ;;~~ ::ii :ii~ :;;; ~::: t ;: :::!- :~:; ;~;: :::i ;::~~+ ;;:; ;;;; :;~~rtt ~1;; ;::: ::;: ::~; ~;;; ~;;; ·;;~ .:;~ ::;: :~;: ·:: T~-~~~ r--Jci~----------- __ , __ .. __ _ 
................. I .... 1 ........... :: ......... -Ill .... II ........... :.,;, ........ :.r: ., ........ -~!:... .... . . ........... 9. .... ... ____ ..... .. 
F TID : :~ '~ ~ y• ?i Ti'F t! i c ~~: ,DF: ! : ! if:T ip T~ ; ::; ; ~- T' :'IT~~ 'IT ~: + :::· ~· ROT f,:;!:~~~~~:~; r;; ~-~. I r n I 

i I 

~c f±' l! .'-hl'uf'si:-'dj +···•·I·~,:·H,·'::,·:,';i.;· i~~t.iH·H···+f~·+r ······t::; -··-·- .... --- ..... ··. -- .. ' . ' 
._ .. I. ....... , ...... : ......... :.. .... .... .. ..... .... .... .... .... .... .... .... .... .... .... .... .... .... .... .. . . . -·--· -- ... ..... 1 I -ITE .. ... ..... .. . . . .. . .. . . .. .. .. .. . ... -=-~:-.. 1·-:-:. . . .. . . . . . . . I • • • • • . •• , • • • • • • • . • - • ... • . • • • • ,, • • • • • • • • • • • •• -:-:-:n ' . -- ---: I 

Frw~~::::::.~+Hrr+~:::i _::_:!i:: :;~.-~Gl±1HrSt!~~~sSt~+s~+2:+~+ :->~:><~F~ __ r-·:i:~~<__ . ·r--:· ---- .. ~r -~- · ! 
1----~ •. ,. ~- ·.· ..... - ..... ; ... ~-:-:-:--:-:-:--r:-:-:-:··~--. J·--7.-.--~ 6~~~~-~f_ ... -- j_,_:_~-~- .. -.. ,1: .. -: .i 

I 

- -----1 
' 

I ........................... , .... .... ... .I 
··;; :::: :::: :::: .::- :·:: ·:.: :::· .::: . :· ·::: ;::; :::. :i:: : .. · :.: . 

. ' 
I 

"! 

----- --·- ~ -- ...--- -- ! 

~ ! 

I 

... :.·.1 
"-!--,.,...j..,.,~-.t-:::....o.-.:_::t._ G N c H ES : : I 

. I .. ~ .. I : 
I' I : ...... :.L i ! 

I 

I ;· 

Figure A-3 (Cont'd) 



I 
i 
i 
i 

I 
i 

·> 
. I 

N 

""' 

+H 
;t; 

i1 t +t ft·. 1::!,~ H-
t f~ t:-J ~ . 1-

t . - - ·-
--

r ±~t f:t-
. -

.~ ft 
~ 1 flit t:q . - . 

J R !o ~ I 
- - t ~~n. t 

... r& r- t ~~ ·f 1 
ttt!B·' T tW t L 

- -

lffil t~ ~i ~9 . ~-l 1 • ,f_ I l .. 
j l 

~mt -r1 ;n ~ 1- t t lr · -. ~~ ' I~ 
1ffi , ±P~ ra- . t : n ·-: : L. ~ 
!W,- ' 
t - t r~ v-q ;-) .1 lli ! fll T 

t - T -'1~1-} i:ft'' J.! 'H tt .i I J 1t I~ if.:r . .L 
~P.J ft ' r rr 1 rr '~lLPltl-1·:- ~ 

- 1: 

I p ! ' I !!:f -: H t ! - 1-' qr, \ . - . - ~- IJ} 1 
l lt T nr H I -

t -r .}.!- f :l 
r -l -l 

1 - - -
- ~ 

t itn . . -, 
T 

I~T+ .• ' .,. t t I I 

(±loo:r·~w 1 w }_ --
- ' ~-- . j t _._ t ,1 + 

' ' 

lfu l 1rt~ J r~ - ~ tt l t 
t I lti· 

-tt lt rt f :t i 1 ~ 
. . ~~ I s I ' I 1 

,! f-i 
1 f, -:If- i u 1 -'I It 1 i f 

Figure A-4 H/N TEST NO. 11 RESPONSES, 180° HEAD ORIENTATION 

.. 4 

u it Pfr. 

r . t 
' r~ + 

! 't trr 
: -• • Ft 

' 
t 

' ~ i a:t 1- r 

:l ·, T! 1tnn .1 ifdtn 
_J: f ~fl! 11,{1 t , ~, i ; m H 

:1 J m· I 
•· ' ~ fH . 

ljt r t 
1 1 • 

t I 4 
r 

lh l ~ 1 ~t 

I K f 
I! 

. 
- l ~ if 

IF .~ , If lrl: 
! f 

1 r 

f 1 

1 I - l -1 -. 
- t 

1 
1 l ill' t .• . ;_ 

t 

I 
- I I~ ll t 

Hit I I . 1ft 
I r 

t f !~ 1 n t 1 . 

Ill !1 'I r l T . 
' . 

'll I f I I 
r ltl1 r 1 t 1 1 

~ 



:r 
N 
til 

~ ~ 

!--;.:-:: 

,.-·r··----,--- ·1 ·-··E-·-1····•· ···-· --·· .,, , ., ... --·- - --- --- ·-· ...... -- -· ··-- ---· -.··-- ·~- ~.- . ·-· - -· 

.,..; . ..;:·" 
:~~; 

'::-_.:r- ~:. 

:r:-;p:~: 

, ···I··-··-· --· .... , -·-· ..... ' lj ...... :., •. , .... 1· '· 

~' _>,;,.;.~~ 

J 

~: : : ~ r~ : 

::!: 

" 

r-·· ... 
i :--: 

:·:.:r~:: 
···1::.:: 

-~:·:·~rur::~: -~- , -.. . .. ····· , .. ·£·: ···'u~· !;:: :!i: :::: :::: :;r: --- .. 

... I 

I ,. 

::!: 

_1""("1 

!-~ ··---r:~-:-~·~-+:-- I I ·' 
I H. I ..... ·---- -·--' ___ j . -.,. ..... - . . 'I I· 

., I . I ::., · .. '(. . . . I U .._ I 

! ' . L . : : : ' : . I . ; t- J -.. : : I ' . :·· 1··-·T:- .. :::rl:·-~ -=-·:-r:-:··~-~~l: .. 0 .. . ........... ·' -·,1 -~,·:·· ... , .. 'i ,~-: ·j 

·l 
.. I: 
.. 1, 

I · I .. I I · .. 
' . ' . j ... :· . I ... ·:. I . I I ' . . I : ' .. I.. ...•... -·-· . . . .. • ... ···- .. .. I .. . I . . ... 
I I .. I ,. ' ' .. . I . ' i . . ... .. .. . I ·I I :. .I 

I .•..•.•• L . .l:: .... :..:~L:.:~---·':..:..J: __ l___ .l::.l __ , ___ j_ i:• .... l ... .1 .:11 
Figure A-4 (Cont'd) 

. ,. 
I 

I 
I 
I 

·; 
I 

I 



'.~::;:~::JU;y:;t~-~-~~~U ~:!:!~~~ ::t: .... :::: ~s(~!Y: ~-\~-~-~~ ~~~~IUL [i:~ ~~~ ~:~:-~~~-~[f~~-f:lll :q:;~q~ fU, 
I' 

" 
.. t 

.. 
, •

•
 

, .... , ........ j.... 
.... 

'TIR 
:::: 

' 
' 

' 
' 

I
I
 

• 

~i?-1': ~)~,<;:I;~;; ; <II;;:; ~ ~ ~ y i ~ ~ 
:::: :::: ~:: ·lill:; l::: 

:::: ~< ; ::: :: ::., :::; 2r2 ::: q:::: ~f.~ 
~---·--· ..... , .... ··-··--· -·-·--

--+.-· 
:-;;: ;'~t;;; 

:::~ :::: :~::,:~~-~ ~~:-:,·:;_:·: >?t,·~??:'±~ 
i· . !::'·!':.:;:: .. ::::1:::: :::: .:;: :::: :::: :::: :::: 

... . 
.... 

... 
' ....... ' ' ............. ,,,, .. . 

I ·_._·._·_.:._=_~.Xl: .• =~._: .. :.·_;_::_:_:_: ;;_~,;.;_:_; __ :;_ 
;;,;,:_1::·:;_.:,:, 

i_-.::_:i_ l;;_: __ i. :::_:_·:_;:_~:.:_··;·_· ..
.
.
 1::::: ~ :::: :::: :::: :::. :::: 

.. :1.:.· ·-:---r: :; ·::: :::: :.:: ::: 
:
~
_
 

I 
-

:::: :::: :::\:::: :::: :::: :::: :::: :::: :::: ::::,::=: ::::1=::: ::·:: 
~;: 

I 
--:-:-: 17':-:-

'7~: :-:-:-:-·:-:·::-
• ; :~ 

·:-:-;-~ :-:-:-:-
~-:-:-~ :-:-:: 

:-~:-:-1·-: :-: 
:: :·: ·t. -::I -:-:--:--:-:-: 

' ; . ....:._1 ; : . ; i , ; ; ; 
. : ' : 

: . • : 
.. .. 

: ; : ; 
; ; ; ; 

; . ; ' 
; . : ; 

; ; ; , 
.. " i' " . " ' . l't : " 

" " 
" " 

. ' " 
" " 

" .. 
.. .. 

. " , i" .. 
" 

I .. 
' 

" 
' 

.. ' 

.· 
: 

..._
::::::-::: 

.:::1
:::: 

::::t:::: ;;;:1:;:~ 
.... :.:::::: 

.:::P.\1~:: :::: ;·:: :::· ::·: ::::.:: ::::.:.· 
::·:,!·:~.:.:...:±:._: 

:_::::·z::::::::=:::::::.:: 
:_:_·:_·:_._::_._·.·_:_·:_·:_:_ 

:::::::: 
"
c
:..:._

 

7
;: ~TIT:S -:~:J:~: :::.;t::; 

::!; :1:: :::: 
=:~ 

.... 
.. · r.;-

::::i::.: .... , ........ , .... 
::.:.:1:::.: 

::~ 
: : : . I: :: : . :: : . : : : · : · : : 

~: :: 
: : : : I::: : 

! ~:! 
~
·
~
-
I
.
.
.
.
 

. . . ! 
I . 

......... 
: .. : ::.: 

:::: :: .. : 
: : : : . : : : ~ 

: :. : . : : : : 

:::·::::: .... .1. ... :::J_:: :.::+~-~~ ..... .;.:.:: .,.. 
:v 

:::: ':::: 
... _

,·-.• -... 1 ---+--+-:-:·:-+: j-:::-;1--.•. -~-. -~--~-t-:J =: 
:: KvL 

l
o

o
 ::: ~·:-:-:-:-r:-::: 

l
.
l
.
 

...... , 
.a

 •• 
f 

....... 
_

., 

•.• k 
... 

·
-

:::~1:~::··.:.·::1 =_:··.~=--~-.-~:.!:.: ... ~_~._:· ___ : 
;.;;c~~ ...... 1.. 

:2 ... _ ::::.: .... 
?. ::-: 

: 
::::: 1:7;-:: ;_-.. .:-f:· -; :--:-:+· -

~
-
f
-
~
-
!
.
.
;
,
(
'
-
1
-__ .. --~. ,.;.__+

---1-.... -+-+---1-~,.;.__.j--!--+,.;.__+---1-_-,_~-f--
: · : :: : : : : I : : :.; 

. : : :·1 • ~: : 
.. "· 

-~· ·.. • ... · 

j.:...::·· 
.
.
 :::·,:-:. ...... ,---~ 

-·--
····-

·-·-+
· ··~··· 

;;~.: 
·-···· 

·-···-
___ ...... 

.. .. _
. 

-
-
-

···--
··-·· 

·
-

i·:~~:~:-:-:r:_: __ :_:~t_·:_:_·:_·:.+ __ ·._~-_ .. _:r·:_.:_.:_:~·----+-~-r~-t~·~·-~·-·~---r---+-"-"_'_-r-··_-__ -f---1----r-:._:_:·~-r~-l----t----r---t-=-:--_._:.+ ____ ~_:-r·-·----4--~·--__ ·.+--·~:·_~---r-~~-

,:: 
:::. =: ~~>n~~-

~~~J:::: ::::~~~~:~ ..... -~··· 
-~~ ~-:~~ ~-:-:/ ::o ~~:: 

~~:T :7:~.:?~? :::::::~ ::::.: ------

I ~· _=_: ___ : __ :_ ~:.: ::-·::. ~.: _:_' ::·_-_:_-~:.~.:: .. :!. !=.:_:_:: .
.
 

_::~:-~-~-·_.-~-:~~---:~~~ ..
 ~:---.~-----~~·~_·. -~---~-.-~._----_~---.~_::~_-__ :_--_-_.· 

:-=-··· ._·.·._··. 
i·.:.·;-

.--:-.: ·~ :4
. 

·: !-~--~:; t-~~--:~-tft_..:·+; ~~~:8-t~. ·-·~~~--~~ ~r.-:-+--+--1---:~:--~-l_:~-~'' ': :W':' '±';',?.::c =-..: ~ 
! 

I
.
.
 

• 
.. 

.
-

: ::·~ .~:-~: -~~; :~~~ ~~:; 
,,,_

 
1 

•
•
 •

•
 ~~~ ~::;~ ·=.;; ~~?.: ~~~ ~~: ~:~ ~~ 

~
::::·::I::.~ T

:
 :: .:·::.:..: L:.::: ..:.:..:::r·-'· : :·!:: .:.: :..: 

~.· !~_~: --· 
i·Y

f:." ..
.
.
.
 

--··· J .
...• -

-
.... 

·---
-'·····--··r--·· 

-
·-

··!·-
.. _ ........... f •• L.;r·· 

-~ 
: . .:.::· •.. ·-

-
-

::::=
-:.:.-:::::: 

-
-

-~· 
.
.
.
.
.
.
.
.
.
.
.
 _ ........ 

·---· r
-
·
 
-
-
-
-

-
-
-

----'-·· 
·•· ... 

lj
.l.o

 
.
.
.
.
.
.
.
 

"' 
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
 _

"
-
' 

.
.
.
.
 •. 

:
_

 ...... :=.-.· 
:...~ 
~
 

-=-:.:::I:::: 'r:-::: :..~~:r.:.:~ ::::-:j::-:::: :=..t:. :.m .r:n~ r:·-:= :t.~-·-.. --+-_ 
-... :.-·=. -+~ --=-........... · :.r

_
 --+-...o..-t--+_-_:.-.-:-+._-::-_:-: __ • __ -+ __ -=----~-._.-+_-_~:.-_·=-+._-~_:_~-':_:~+-_,-.. -:-.:--+ __ -:.-_---•. -•• -+. ~~--+--__ ·:. 

i ................ ··-· 
····J

.-
-
·· 

··-
·-

·-
·-

.. ...J
. 

~ ......... 
'· 1

-
·
 
.:~~r:.:-

. .,...., 
r------

!=-:.:~~ .. 7~:i~:w~~: ~~~:~=~~= ~:~~ :
~
 ~=;~ t~!.:. :::~! ~t~~:-:::: ~-7~ .::->::~ .... .... 

: .. ~:. :;:: :
:
~
 

... ·:::: .::; ::;·~ :·:.::.: .. : 
:-, .-. -. _ ..... ; .-.-. -+~----. -i .• -.--.. -. 1-.-.. -.+-!...;__+ _ __:_+ __ ...,.~+~.,..~.,.. ... +' • ...:. __ .,.._+.,..._.,.._4r.:.;,.~J·;..;·~I.t ~ __ .,.. __ +_~:...;.;_..j.:-::-_=-· '+:~ WLi.~.:.~~i..:.j..:..;.;_:~~.,..·._::.::.::·:-·._-=-_·_:!-=: __ .:..-_·.:-_::..:::+-_-_.=._-== :_~_:--_.:-.~· .~.:.-...,..:._· ;_~--~--~~ -~-~ ._=-.·_. 
I
"
'
 ·
•
.
 • 

• 
.
.
.
 • '

"
 •
-

·•
 -:j-· 

·• •·· --• •-• ,.._, • I"
. 

·• ' 
-•-· -

-
-

: :-.-:· :-:({l 
1-

-
2-i 

~ =
-
~
 

r: 
:
!
:
~
:
:
 
:
:
~
:
:
:
:
:
:
 
:=::~;::::::· ::::: :-.::-.;; 

--~'-~ ;:-.:::: -:-t:-: .• : ..••. _ 
_, ... _

_
_

_
_

 ··-· .. ..:.:.f~---· 
---1

--

:7
:-i ;~;Js1 .::~~ ~-~~ -?::~~ 

:i.:.: 
~--:~-~~~~ ~::·1 ~.:~-~-

... -. . ~ t: 
··--

----
-
-

.:==:-r--_----.. : !.:... .. -.·_.:..._·. _:-.:·:_· -: . 
. . . ' 

• ... . 
. : i\, : ::::: 

::::-:-j-
-

~:·:~~i·+-~~~~-~~~f~~~:~::~:~~~=-~~f~~~~~-~ 
.... , ....... , ... ·-·--1-..... 

~--, .. 
·
.
:
:
:
·
.
:
.
·
·
:
·
:
·
:
a
:
:
~
:
:
:
.
:
:
.
:
:
:
·
~
:
-
:
.
.
:
.
·
:
:
 

::· 
-,::·:;·;::1::.~:. =~.:: --·-· 

·-· 
:::·:·:.~:;.::1!.:; ...... 

,;-::: 
::::~.:··::-.:.::· 

:.:~:. 
:.:::~ 

:::~:. 
::: 

t::: : :.:: t :·:: · ::: :. I::: · 
: :. :__:. 't :7.::. 

• • • • 
I 
•
•
 ··• 

:
·
:
:
:
 l· : •; 

~--: _::::--~: :!-:-r· ~-:-:-'-~-~ t_:: :-t-: ~-:~ .. ~+-n?--+:~ __ ::~--+-~ T_?~~+-···--~·· • -~ :~.~;; 
. 

. 
,........... 

···-·!···· 
~
\
 

.,.. 
. 

. 
.. , •••. , ..• ,. ··-

..... ·-··. 
.. ... 

·-·-
. ··-

'. 
:::···:··:.1:: _: .• ·. ':' 

.. ... 
:::.::::. 

:·: :.: 
·-

..... -

.... 
A

-26 

.... -
~
-. 

. . -· ... 
~~~~[ 

• 



,. • 

~
 
.
.
.
.
.
.
 

0 
.
.
.
 

. 

. ...... ' ... . 
·······'···· 
____ , ..... 
... -l-. 

0 
• 

. 0 '0 ... 

:::1~~. 
~
 • 

• 
• 

I • 
,,, .. 

...... , ... _ 
····· ...... . 
:;-:-; t.:7..: 
--··t-· 

· · .,. · · · ·· · ··r-·: · ..... 
.. ... · J· 

··.. 
::: ·1:::.:-:-::...= == 

~-:::·,·: :·:: :.r:·:: -'.~:. 
. .• --. . 

.·... 
.. .. 

-
~
·
·
 ----

:.:-:-T:.:·~ : ::·: 
~~:: 

-~~~::,~:.:.; 1-: .-.. <
'-+

--l--+
---1

-
--·-'" 
-
~
-
-
-

·--'--
--· 

:·:.:· 

:·:_
t: :::: 

:·:: ::L~.:: •• 
:~.:::· :~::.:: -::.:~D-.::::.: .:.:.:::'i't :.:::: 

·-·-···--·· 
.... L.··--· 

... 
... .... 

···--
......... 

___ ,_ .... . 
................. _,_ -···· 

·-
--· -··-

..... .. 
.. .. , .... -

...... 
-
-
-
-
~
 -· .. t-:-"·-~r---

~·-. :[.::-::: :-:-:··l-=
 

:.:.::·.:.l:.:.: .. 
c;-

·j.:::.:: 
: :: ·t.:::-:. 
•
•
•
 

I 

-'-···· 
·
-

.•
 f 

-
-

:: . .:.1·::· 

.. --··-·-
___ .:.. ___ ·:.·_.:_·-_ ... _:_::::t-_·_·-.-.. _~_=t··_::: ____ ·: ····' 

::.::.:~:-: :· •• : .:=
·::::.: ::2

:: ... : 
.... 

:.:::·1:·::: 
:::::.1:=

 :.::.:r::::: 
·:::::1

:::: ...... , ..... ···-~!:........ -:::r ..... 
-

:.::.::1~ :::: .. _ 
----

... -
..••... :r::: :~:: 

:.::::F
:::• 

:-:::•::~:· ::.:::-,.:::: 
....................... _

L
::··. 

·t··.. 
. ........... 

_
.
,
_
.
_
·
1
-
·
-
·
·
.
-
.
~
~
-
t
-
-
t
-
-
+
-
-
+
-.. -... +

-
t -

t
-
-
+

-
__ ...... :::::1:-:-~: ::::.~-r::~ :.::::::::: --·· ·--

:-:-~:~ __ ....... :::=-=-::·== .: ... ----· 
:~~:n:~--~~::-:'1'::: .. ~ :··=t~=-= 

::::t:::.: ::.::!::.:: .... _f____ 
.. , ........... 

----
.... ~

:
 

... 
:::.:!:::. 

.. .. l... 
. ... 1

-
-
·-

=I=· 
:·:-:.:!:=.~·= 

::.:;~:~:= :.:.::: :-::::=-
:::: ::=~~ ~::::-::·:-: .... 

=j=.:,~·=-:1-=:~-= ... 
---

.• 
..... 

... 
::.::. ::::~ 

:-:.-~:r::~ ::.~=: 
.... , :.:.: -:-:·::_\~:· :·::·~~·::·: ~:::·::.:1-:·:-:-::t.:: :-:-:+

-:-:--t-1 -t--+
---1

 
I 

• 
·
·
I
·
•
·
•
 

. 
. . t. -

· ~ 

~ ::·:.::::= 
• 

f 
•
•
•
 
~ 

-
I
 

"
'"

'I 

=~~=!:·::.: 
::.·::1:::::·.:.:::: 

::·:· 
................ t•··--· ·---!----· 
• 

o 
'
I
 

• 
• 

o 
o 

t 
• 
'
'
 

• 
o 

o
•
t
 

-
·
 
•
'
 

•
-
•
•
 

~:::r:::: ::·:: :·:.:-:j:=:-::f~f.: 

: !.:!-: 
-
-... -

................. '-·I· ---1· 
• 

;-_ ·.-~. 
=.: !, :_

.: <. =.·=.. 
; :-=. :_.-,r= .. :._.:_:7 _:.._.· __ ---_::._t,~_::_:_· 

: : ~ ·: 
: :-:· .. 

:·,: : : 
: ~ :: : 

, : : . 
: •·: : 

: : 
I 

. 

A
-27 



I ! '-

A
-28 

-----------··! 

--'¥
;-· _

· ! 
~-' ~-~-_;-: l 

)
(
.. 

·' 
. 

---
·-.--. 
~----~~...; 

----~---: 

"<7' I 
<

-.. • 



.. 

o) 

APPENDIX B 

Example Inputs for Simulation of Pendulum Test 

of Torso with Rubber Spine 

B-1 



I 
i 

I 
I 

i 

I 

1:1:1 
I 
IV 

CALSPAN 3-D CRASH VICTIM SIMULATION PROGRAM 

7 APR 1977 IRSIN• 8 IRSOUT= 8 RSTIME a S.8 

SIMULATION OF TORSO PENDULUM RUN NO. 25 
PART 572 RESTART FROM H NEW DATA 728 

UNIR a IN. UNITM LB. 8.8 

NDINT = 6 NSTEPS • 3H 

UNITT = SEC. 

DT =8 .81S88H 

GRAVITY VECTOR 

H8 =8.881888 HMAX aS.H85H88 

NPRT ARRAY 

8.8 , 386.8888) 

HMIN "'.IJ.HHH125 

CARDS A · 

1 2 3 4 5 6 7 8 9 18 11 12 13 14 15 16 17 18 19 28 21 22 23 24 25 26 27 28 29 38 31 32 33 34 35 36 37 38 39 4Z 
8 8 1 8 H 8 S S S S 8 8 8 8 8 8 8 8 S 8 8 8 S S S H 8 H H H g H H g·g H H H H H 

.. 

1- c . \ " 



j 
I. 

1 
I· 
! 

ti:J 
I 
~ 

/;; .1' ~ 

CRASH VICTIM TORSO PENDULUM .( SEGMENTS .( JOINTS CARDS B.2 

SEGMENT MOMENT OF INERTIA SEGMENT CONTACT ELLIPSOID 
SEGMENT WEIGHT· C LB.-SEC.•*2- IN.l SEMIAXES ( IN. ) CENTER C IN.) 

I SYM PLOT C LB. ) X y z X Y. z X y z 
1 PEND p 72.358 137.95888 143.38888 17.67888 2.58 2.58 · 2.58 2.42 8.8 28.37 
2 LT 5 ·65.888 1.78888 5.28788 1.71888 4.94 6.94 7.68 8.8 8.8 8.8 
3 CT • .( 1.388 H.32588 8.84888 . 8.14988 4.91 6.35 7.83 8.S .~.8 -2.RfiJ 
4 UT 3 37.848 2.32088 1.63488 1.33888 4.41 6.78 4.94 8.8 8.JJ 8.ff 

CARDS B.3 
JOIN.T LOCATION< IN.) - SEG(JNT> LOCATION{ IN.> - SEG(J+l) PRIN. AXISCOEG> - SEGCJNT> PRIN. AXISCDEGI - SEGCJ+1) 

J SYM PLOT JNT. PIN X y z X y z YAW PITCH ROLL YAW P 1 TCH P.OLL 

1 PP K 1 -2 -H.59 S.8 36.17 -3.75 8.8 2.18 8.8 8.8 S.IJ IJ.0 R.f!r IBIJ.fJJJ 
2 p p 2 g -5.8S 8.8 -5.15 S.8 8.0 2.78 S.8 s.s fJ .iJ 8.1J f;.f.l !Lf1 
3 w 0 3 8 8.8 8.S -2.71J -1. 12 8.8 6. 72 8.8 IJ.8 li1.8 fJ •. ~ fJ.fJ 11.Z 
4 PT T 1 1 -8.59 8./J -36.63 8.S 8.8 8.S S.8 S.8 8.8 fJ.f:f 8.8 !1.8 



JOINT TORQUE CHARACTERISTICS 
.CARDS 8.4 

FLEXURAL SPRING CHARACTERISTICS TORSIONAL SPRING CHARACTERISTICS 

SPRING COEF. ( IN. LB./DEG**J) ENERGY JOINT SPRING COEF. ( IN. LB./DEG"*J) EflERGV JOINT 

JOINT LINEAR QUADRATIC CUBIC DISSIPATION STOP LINEAR QUADRATIC CUBIC DISSIPATION STOP 

(J•l} (J .. 2) (J•3) COEF. < DEG > (JD 1 ) (Ja2) (J=3) COEF. < DEG) 

1 pp s.s S.IK s.s S.II l.SSS s.s !K.IK s.s S.RI Jl. ff 

2 p ss.sss 6S.923 S.IK l.SSIK 35.SSS 34.383 6S. 923 J.J.fJ 1 .f:ISfJ 35.JI/f!ff 

3 w 5.0'.fJ.0'S 6f!.923 f!.B 1 .f!BS 35.Sf!S 34.383 6f!.923 f!.S 1 • fjf1[1 31i .1HIIJ 

4 PT B.f! IK.S g,g s.s l.f!f!f! fJ.fJ !K.B JJ.f! fJ.fJ iJ. f!f 

CARDS 8.5 
JOINT VISCOUS CHARACTERISTICS AND LOCK-UNLOCK CONDITIONS 

VISCOUS COULOMB FULL FRICTION MAX TORQUE FOR MIN TORQUE FOR MIN. ANG. VELOCITY IHPLILSC. 

JOINT COEFFICIENT FRICTION COEF. ANGULAR VELOCITY A LOCKED JOINT UNLOCKED JOINT FOR UNLOCKED JOINT Rf ST IT UTI ON 

IN. LB.SEC./DEG> ( IN. LB.> <DEG/SEC. > < IN. LB.') ( IN. LB.> <RAD/SEC.l COEi=F ICIENT 

1 pp !K.S S.!K l.SS S.IK fiLS S.J!J fJ.t: 

I:Xl 2 p 1 • .0'S.0' lS.BS 3/K.S!K !K.RJ B.f! f!.iif /3 .. 'J 

I 3 w 1.BSS lS.BB 3.0'.f!f! .0' . .0' B.f! f!.B f1.f1 
~ 

4 PT .0'~.0' B.S 1..0'.0' B.fi B.S fi.f1 iLfJ 

~ 

' • 



~ r 

o:l 
I 

U1 

SEGMENT 
NO. SVM 

1 PEND 
2 LT 
3 CT 
( UT 

l .. 

SEGMENT INTEGRATION CONVERGENCE TEST INPUT 

. ANGULAR VELOCITIES LINEAR VELOCITIES 
< RAD/SEC. ) ( lN./SEC.> 

MAG. ABS. REL. MAG. ABS. REL. 
TEST ERROR ERROR TEST ERROR ERROR 

H.H H.H H.H fd.fd fd.H fd.fd 
fd.fd fd.fd fd.fd fd.fd fd.fd fd.fd 
H.H fd.JJ f4.f4 fd.fd fd.fd {4,{4 
{4,{4 lll.fd lll.fd li1.H H.H fd.fJ 

' • 

CIIRL'S B.6 

ANGULAR ACCELERATIONS LINEAR ACCELERATIONS 
<RAD/SEC.**2) ( IN./SEC.""'2l 

MAG. ABS. REL. MAG. ABS. RL:L. 
TEST ERROR ERROR TEST ERROR ERROR 

JJ.U H.lfd f4.1irf41f4 1.{4{4 1..0'.0' fJ .ff!Tlf'J 
fd.lfd H.lfd f4.f4fiJlf4 f4.f4 iiJ.ff f1.ff 
f4.lf4 fd.lfd f4.f1f41Rr f4.f4 JJ.fd n .. ro 
f4.1H g. 1.0 g .fiYJ11ff fd.fd fl.fd .0'.{4 



;. 

~ 
I 
0\ 

VEHICLE DECELERATION INPUTS 

NO VEHICLE 

YAW 
B.B 

PITCH 
B.B 

ROLL 
B.B 

VIPS 
B.B 

PASSENGER COMPARTMENT DISPLACEMENT HISTORY 
ANALYTICAL HALF-SINE WAVE DECELERATION 
VB• B.B lN./SEC., OBLIQUE ANGLES • B.B 

~ 

JlJ.B 

VTIME 
l.BBB 

XJlJ()() 
JlJ.B 

XJH Y) 
B.B 

XB(Z) 
B.B 

B.B ~EGREES, TIME DURATION • l.BBB SEC. 

' 

NATAB 
B 

' 

ATRI 
B.B 

CARDS C 

. ADT 
~ RJ.fi 



., • ,. • 

CARDS 0.2 
PLANE INPUTS 

PLANE NO. 1 HONEYCOMB 

X y z 
POINT 1 2.5BBB -S.BBBS 7!8.258!8 
POINT 2 2. 5!8!8B S.BBBB 7B.25!8B 
POINT 3 2.5BBB -S.BBBB 6B.25BB 

PLANE NO. 2 FRICTION PANEL 

)( y z 
POINT 1 II.B S.BRJBB 61.fdf8fdfd 
POINT 2 S.fdBBfd S.fdfdfdfd 61.fdfdfdfd 
POINT 3 fd.B -S.fdfdfdfd 61.fdfdfdfd 

CARD D.7 
BODY SEGMENT SYMMETRY INPUT 

SEG NO. 1 2 3 4 

NSYM(J) g fd fd fd 

I::J1 
I 

---1 



tQ 
I 

CXl 

FUNCTION NO. 

D.0' 
.0' • .0' 

HONEYCOMB FORCE TB 

D1 
-5 • .0'.0'.0'.0' 

DZ 
.0' • .0' 

FIRST PART OF FUNCTION - 13 TABULAR POINTS 

D 
.0' • .0' 
s .1.0'.0'.0'.0'.0' 
.0'.2.0'.0'.0'.0'.0' 
.0'.3.0'.0'.0'.0'.0' 
.0'.4.0'.0'.0'.0'.0' 
.0'.5.0'.0'.0'.0'.0' 
.0'.6.0'.0'.0'.0'.0' 
B. 7/lJ/lJ/lJ.0'S 
.0'.8.0'.0'.0'.0'.0' 
.0'. 9RJS/lJSS 
1 • .0'.0'.0'.0'.0'.0' 
1 • 1.0'.0'.0'.0'.0' 
5 • .0'f1.0'.0'.0'.0' 

FUNCTION NO. 

DB 
S./lJ 

2 

F<D> 
.0' • .0' 

5.0'.SS.0'RJ 
19.0' • .0'.0'.0'.0' 
34/l1 • .0'S/lJS 
53.0' • .0'.0'/JS 
75.0' • .0'.0'.0'.0' 
93S.RJRJSS 

1.0'f1/lJ. f1/lJS.0' 
1.0'.0'S • .0'/l1.0'.0' 

99/lJ.IlJ/lJ/lJ.0' 
95/lJ.IlJ/lJ/lJ/lJ 
96/lJ./lJ/lJ/lJ/lJ 
96/lJ./lJ/lJ/lJ/lJ 

CONSTANT • .0'.25 

Dl 
S.llJ 

D2 
S.25HS 

FUNCTION IS CONSTANT .0'.25.0'.0'.0'.0' 

)> f' 

03 
S.H 

03 
H.S 

NTH 1> • 

04 
.0' • .0' 

N'fH 2 > • 

D4 
H.S 

1 CARDS E 

33 CARDS F. 

" 
2 
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ALLO~ED CONTACTS AND ASSOCIATED FUKCTIONS 

PLANE · 

1- 5 
HONEYCOMB 

2- 5 
FRICTION PANEL 

SEGMENT FORCE DEFLECTION 

1- 1 1 
PEND HONEYCOMB FORCE TS 

1- 1 3 . 
PEND CONSTANT • H.S1H 

INERTIAL SPIKE 

g 

g 

R FACTOR 

3 
CONSTANT .. H .HUJ 

g 

ll 

G FACTOR 

4 
CONSTANT = 8.954 

g 

tJ. 

CARDS F.l 

FR!CTii.lN COEF, 

2 
CONSTANT = 8.25 

6 
PAtiEL Fit ICTI ON 1.0'.0' 



OJ 
I ...... 

N 

SUBROUTINE INlTAL INPUT 

ZPL TOO ZPLTCY> ZPL TCZ> I1 J1 I2 
3H.BB 3B.BB 145./lB g g g 

INITIAL POSITIONS (INERTIAL REFERENCE) 

SEGMENT LINEAR POSITION C IN.} 
NO. SEG )( v z 

1 PEND -1.5829/l B.B 36.1282/l 
2 LT -11.68333 H.B 74.521131 
3 CT -6.22968 g,g 82.115439 
4 UT -6.22611 B.B 91.551164 

INITIAL ANGULAR ROTATION AND VELOCITY 

SEGMENT 
NO. SEG 

1 PEND 
2 LT 
3 CT 
4 UT 

ANGULAR ROTATION CDEGl 
YAW 
B.B 
B.B 
B.B 
B.B 

~ 
('.. .,. 

PITCH ROLL 
-3.3852/l g,g 

3.3852/l 18.J.BBBBB 
5.3335.0' 18B • .0'BB8B 
7 .3211.0' 18.0' • .0'.0'.0'.0'/l 

CARD G.l 

J2 13 
g 1 

CARDS G.2 . 
LINEAR VELOCITY ( lN./SEC.> 

)( v z 
72.45581 B.H 3.131178 

U8.486B1 B.B - 1.3493/l 
163.674114 B.B 12.358117 
183.78219 B.B 12.33734 

CARDS G.3 

ANGULAR VELOCITY (DEG/SEC.l 
)( v z 

g,g 1:13.46627 H.B 
g,g -113.46627 H.B 
B.B -119.17465 .0'.11 
.0'.8 . -122.17122 B . .EI' 

~ 
.;. 
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MAIN3D FUNCTIONS FOR TIME • 8.8 SEC. 

SEGMENT 

1 PEND 
2 LT 
3 CT 
4 UT 
5 VEH 

SEGMENT 

1 PEND 
2 L T 
3 CT 

· 4 UT 
5 VEH 

SEGMENT 

1 PEND 
? L.T 

:T 
JT 

JOINT IPIN 

1 pp -2 
2 p 8 
3 w 8 
:4 PT 1 

ANGULAR ROTATION CDEG> 
YAW PITCH ROLL 

8.8 -3.3852 1/1.8 
8.8 -3.3852 188.8888 
8.flf -5.3335 1Bflf.8flf88 
flf.8 -7.3211 188.8888 
8.flf 8.8 8.8 

LINEAR POSITION C IN. ) 
X y z 

-1.5829 flf.8 36.1282 
-8.6833 8.8 74.52flf3 
-6.2297 8.8 82.8544 
-6.2261 8.8 91.5586 

8.flf 8.8 8.8 

U1 ARRAY C IN./SEC.**2> 
EXTERNAL LINEAR ACCELERATIONS 

K Y . Z 

8.8 8.8 386.flf88flf 
8.8 8.8 386.888flf 
8.8 8.8 386.8888 
8.8 8.8 386.8888 

JOINT FORCES ( LB.) 

8.8 
8.8 
8.flf 
8.8 
8.8 

X y z 
7 .flf891 8.flf -193.7481 
6.8887 8.8 -77.8282 
6.1748 8.8 -75.2718 

-8.4198 8.8 292.9859 

ANGULAR VELOCITY CRAD/SEC.) 
X Y Z 

1.98836D+flf8 flf.flf 
-1.98836D+88 8.flf 
-2.87999D+88 8.8 
-2.132290+88 flf.8 
8.8 8.8 

LINEAR VELOCITY C lN./SEC.) 
X y z 

72 • .45581 
148.48681 
163.674flf4 
183.78219 

8.flf 

flf.flf 
flf.8 
8.8 
8.8 
8.8 

3.13878 
1. 34938 

12.358flf7 
12.33734 
8.8 

U2 ARRAY CRAD/SEC.**2) 
EXTERNAL ANGULAR ACCELERATIONS 

X V Z 

flf.8 
8.8 
flf.8 
8.8 

8.8 
16.69436 

155.55981 
-57.82466 

flf.8 
8.8 
8.8 
8.8 

JOINT TORQUES ( IN. LB.} 
X . Y Z 

8.8 
flf.8 
8.8 
8.8 

-423.33888 
-88. 2631flf 
-94.48549 

flf.8 

flf.8 
flf.8 
8.8 
flf.8 

• l 

ANGULAR ACCELERATION <RAD/SEC.**2> 

fi1.8 
8.8 
8.8 
8.8 
8.!0 

X Y Z 

3.6489BD-flf2 B.B 
-3.6489~0-82 !J.Z 

1.91665D+B1 B.B 
-2.83723D+Bl B.B 

flf.8 fl.8 

LINEAR ACCELERATIONS CG'S) 
X Y Z 

8.819498 
8.813989 

-8.8624116 
8.163101 
8.8 

fl.B 
$J.Jf 
fJ.fJ 
fi .8 
fJ.8 

-ff.371635 
-f'l'.7617flfl 
-fiJ.853.0'86" 
-8.989193 

fJ .IJ 

. 
RELATIVE ANGULAR 

VELOCITY CRAD/SEC.) 

8.8 
B.899638 
8.8523.0'8 
1.98fiJ368 



• 
,. 

APPENDIX C 

Example Inputs for Simulation of Pendulum Impact 

Test of Torso with Single Pin Spine Joint 

C-1 

--~---------------------------------------------



n 
I 

N 

' ·.' 
" :·::_. 

t: 

CRASH VICTIM TORSO WITH PIN JOINT 4 SEGMENTS 4 JOINTS 

SEGMENT WEIGHT 
I SVM PLOT < LB. ) 

1 PEND p 74.300 
2 L T L 65.280 
3 UT u 39.620 
4 GSEG G 0.001 

JOINT 
J SYM PLOT JNT~PIN 

1 PDLT L 1' -1 
2 LTUT s 2. 1 
3 UTGS u 3 -1 
4 PPIN p 1 ' 1 

PRINCIPAL MOMENTS OF INERTIA SEGMENT CONTACT ELLIPSOID 
CENTER ( IN. > ( LB.-SEC.**2- IN~) 

)( y z 
100.0000 148.4000 100~0000 
100.0000 4.4400 1oo;oooo 
100.0000 1.8300 10010000 
100.0000 0.0010 100:0000 

LOCATION( IN •. > - SEG<JNT> 
)( 

-0.700 
-4.930 
o.o 

-0.700 

~ 

..... • 

y z 

o.o .. 35.250 
o.o·. -5.160 
0.0 -3.560 
0. 0 .· -37.500 

SEMIAXES ( IN. ) 
)( y z )( y z 

10.000 10.000 10.000 -8.330 0.0 27.500 
1.000 1.000 1.000 o.o 0.0 0.0 
1.000 1.000 1.000 o.o 0.0 0.0 
1.000 1.000 1. 000 o.o 0.0 0.0 

LOCATION( IN.>- SEG(J+1) PRIN. AXISCDEG> - SEGCJNT> 
)( v z YAW PITCH ROLL 

-3.680 0.0 4.970 0.0 0.0 0.0 
-1.080 0.0 8.540 0.0 0.0 0.0 
o.o 0.0 0.0 0.0 0.0 o.o 
0.0 o.o 0.0 o.o 0.0 o.o 

CARD B.l 

CARDS 13. 2 
PRINCIPAL AXES <DE~> 

YAW PITCH 1:r•!.L 

0.0 0.0 .:• .• ll 
0.0 0.0 0.n 
0.0 0.0 0.11 
0.0 0.0 0. f) 

CARDS [l.:i 
PRIN. AXISIDEGl- SEGIJ~l> 

YAW PITCH IJJLL 

0.0 0.0 1 C0. ····l 
0.0 0.0 0.0 
0.0 0.0 0. •) 
0.0 0.0 0 ... , 

,. !"r 
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~ 
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JOINT TORQUE CHARACTERISTICS · 

FLEXURAL SPRING CHARACTERISTICS 

SPRING COEF:: ( IN. LB./DEG**J) ENERGY 
JOINT LINEAR QUADRATIC CUBIC DISSIPATION 

(J .. 1) (J .. 2) (J=3) COEF. 

1 PDLT 0.0 0.0 0.0 0.0 
2 LTUT 8.250 1.250 o.o 0.450 
3 UTGS 0.0 o.o 0.0 o.o 
4 PPIN 0.0 0.0 0.0 0.0 

JOINT 
sToP, 
( DEG l 

' 

1.000 
40.000 

1.000 
0.0 

• ..... 

CARDS B.4 
TORSIONAL SPRING CHARACTERISTICS 

SPRING COEF. < IN. LB. /DEG**J) 
LINEAR QUADRATIC CUBIC 
(J=1) (J=2) (J=3) 

o.o 
0.0 
0.0 
o.o 

0.0 
o.o 
o.o 
0.0 

0.0 
0.0 
0.0 
0.0 

EtiERGY JOINT 
DISSIPATION· STOP 

COEF. <DEGl 

0.0 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 

CARDS B.S 
JOINT VISCOUS CHARACTERISTICS AND LOCK-UNLOCK CONDITIONS 

VISCOUS COULOMB FULL FRICTION 
JOINT COEFF. ICJENT FRICTION COEF.·ANGULAR VELOCITY 

IN. LB.SEC./OEG>. < IN. LB.) ( DEG/SEC. ) 

1 PDLT o.o o.o 1. 00 
2 LTUT 0.0 10.00 10.00 
3 UTGS 0.0 0.0 1. 00 
4 PPIN 0.0 0.0 1. 00 

MAX TORQUE FORI MIN TORQUE FOR 
A LOCKED JOINT UNLOCKED JOINT 

( IN. LB.). ( IN. LB. l 

o.o 0.0 
0.0 o.o 
0.0 0.0 
o.o o.o 

MIN. ANG. VELOCITY 
FOR UNLOCKED JOINT 

( RAD/SEC. ) 

0.0 
0.0 
0.0 
0.0 

H1PULSE 
REST IT UTI ON 
COEFFICIENT 

0.0 
0.0 
0.0 
0.0 



("") 
I 
~ 

SEGMENT 
NO. SVM 

1 PEND 
2 L T 
3 UT 
4 GSEG 

SEGMENT INTEGRATION CONVERGENCE TEST-INPUT· 

ANGULAR VELOCITIES 

MAG. 
TEST 

o.o 
0.0 
0.0 
o.o 

"' 

<RAD/SEC.) 
ABS. 

ERROR 

0.0.: 
o.o.; 
0. 0: 
0,0:• 

-.. 

REL. 
ERROR 

0.0 
o.o 
o.o 
0.0 

LINEAR VELOCITIES 
( lN./SEC.) 

MAG. ABS. REL •. 
TEST ERROR ERROR:' 

o.o 0.0 0.0 
o.o o.o 0.0 
o.o 0.0 0.0 
o.o 0.0 0.0 

ANGULAR ACCELERATIONS 
<RAD/SEC.**2> 

MAG. ABS. REL. 
TEST ERROR ERROR 

0.100 
0.100 
0.100 
0.0 

0.100 
0.100 
0. 100 
o.o 

0.0010 
0.0010 
0.0010 
o.o 

.. -

CARDS B.6 

LINEAR ACCELERATIONS 
( IN./SEC.**2l 

MAG. ABS. REL. 
TEST ERROR ERROR 

1.000 
0.0 
0.0 
o.o 

.. ...,. 

1.000 
0.0 
0.0 
o.o 

0.0010 
o.o 
o.o 
o.o 
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VEHICLE DECELERATION INPUTS 

VEHICLE TREATED AS GROUND 

YAW 
o.o 

PITCH 
0.0 

• 

ROLL 
0.0 

VIPS 
0.0 

PASSENGER COMPARTMENT DISPLACEMENT~HISTORY 
ANALYTICAL HALf-SINE WAVE DECELERAtiON 
VO• 0.0 lN./SEC., OBLIQUE ANGLES • 0.0 0.0 

VTIME 
1. 000 

)(0()() 
0.0 

XO<Vl 
0.0 

XO< Z l NATAB 
o.o 0 

0.0 · DEGREES, TIME DURATION • 1.000 SEC. 

• .,.lo 

ATO 
0.0 

\! 

CARDS C 

ADT 
. 0. 0 

MSEG 
0 



.·> ,. 
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I 
1 

n 
I 

()\ 

NPL NBLT:• NBAG NELP 
0 1 0 0 

PLANE INPUTS 

PLANE NO. 1 HONEYCOMB 

X y 

POINT 1 -0.6300 -10.0000 
POINT 2 -0.6300 10.0000 
POINT 3 -0.6300 -10.0000 

BODY SEGMENT SYMMETRY INPUT 

.SEG NO. 1 2 

NSYM< J > 0 0 

3 4 

0 0 

....... ... . 

NO NSD NHRNSS .: N\JI NDF NJNTF NFORCE CARD D. 1 

0 0 0 0 0 0 
CARDS 0.2 

z 
75.0000 
75.0000 
55.0000 

CAftD 0.7 

... ..; 



~ 
i 
~ 

(') 
I 

-....) 

FUNCTION NO. 

DO 
0.0 

... .. 

HONEYCOMB FORCE~DEFL 

Dl 
-5.0000 

D2 
0.0 

FIRST PART' OF- FUNCTION- 9•TABULAR POINTS 

D 
o.o 
0.050000 
0.150000 
0.230000 
0.320000 
0.380000 
0.480000 
0.580000 
5.000000 

FUNCTION NO. 

DO 
o.o 

2 

FCD> 
0.0 

880.0000 
1235.0000 
1040.0000 
1200.0000 
1090.0000 
1360.0000 
1230.0000 
1230.0000 

CONSTANT •0.01 .-. 

D1 
o.o 

FUNCTION IS CONSTANT- 0.010000 

D2 
0.0100 

D3 
o.o 

D3 
o.o 

NTH 1) • 

D4 
o.o 

NTIC 2) • 

D4 
o.o 

::a ~ 

CARDS E 

25 CARDS E 



n 
I 

00 

FUNCTION NO. 

DO 
o.o 

3 CONSTANT •0.920~ 

Dl 
o.o 

FUNCTION IS CONSTANT 0.920000 

fUNCTION NO. .4 CONSTANT •0.25 .. 

DO Dl 
o.o o.o 

FUNCTION IS CONSTANT 0.250000 

-;. .. 

D2 
0.9200 

D2 
0.2500 

D3 
o.o 

D3 
o.o 

NTH 3 > • 30 

D-4 
0.0 

NTI < .4 > • 

D-4 
o.o 

35 

CARDS E 

CARDS E 

~· ~ 
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ALLOWED CONTACTS AND ASSOCIATED FUNCTIONS 

PLANE 

1- 5 
HONEYCOMB 

SEGMENT FORCE DEFLECTION : 

1- 1 1 
PEND HONEYCOMB FORCE-DEFL 

INERTIAL SPIKE · 

0 

R FACTOR 

2 
CONSTANT •0.01 

... 

G FACTOR 

3 
CONSTANT =0.920 

.,.. 

CARDS F.l 

FRICTION COEF. 

4 
CONSTANT =0.25 
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n 
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1-' 
0 

0 

! 
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SUBROUTINE INITAL INPUT,. 

ZPLTC)() 
30. 

ZPLTCY> 
30. 

ZPL TC Z) 
60. 

11" 
0 

Jl 
0 

12 
0 

INITIAL POSITIONS (INERTIAL REFERENCE) 

SEGMENT LINEAR POSITION ( IN. > 
NO. SEG )( y z 

1 PEND -1.03-455 o.o 37.-49226 
2 L T ·o.08270 o.o 77.80703 
3 UT --4.39660 0.0 91.31-438 
-4 GSEG --4.56119 o.o 9-4.87057 

INITIAL ANGULAR ROTATION:.AND VELOCITY 

SEGMENT· ANGULAR ROTATION,:( DEG) 
NO. SEG YAW PITCH ROLL 

1 PEND o.o -2.65000 0.0 
2 L T o.o 2.65000 180.00000 
3 UT 0.0 2.65000 180.00000 
4 GSEG 0.0 -3.35000 180.00000 

-~····· 
,. 

J2 
0 

13 
1 

SPL T< 1) 
1"0.00 

SPLT<2> 
6.00 

SPLT<3) 
1.00 

LINEAR VELOCITY ( lN./SEC.) 
)( y z 

-44.85229 o.o. 1.23764 
93.08116 0.0 -0.09894 

132.70300 0.0 3.38939 
1-46.68117 0.0 -4.03636 

ANGULAR VELOCITY <DEG/SEC.) 
)( v z 

0.0 . ·: 68.54338 0.0 
0.0 -68.54338 0.0 
o.o -225.21000 0.0 
o.o -225.21000 0.0 

... 

IVPR 
2 3 0 
2 3 0 
2 3 0 
2 3 0 

~ 

CARD G.l 

CARDS G.2 

CARDS G.3 




